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Intensive Efforts to Further Improvement of Nuclear Fuel Cycle Safety

Emeritus Professor of Osaka University
Kenji SUMITA

1. Background of NUCEF Project

Tracing back on NUCEF Project history means to review the efforts of establishing scientific and
technological bases for the independent nuclear fuel cycle in Japan.

In the middle of 1960's, it was already our common intention within nuclear peoples to establish
the self-independent nuclear fuel cycle in future Japan. Major key issues for its realization were
expected to be the development of fast breeder reactor system and fuel reprocessing technology.
Though there were a lot of discussions at the stage of planning, many pioneers had their recognition
that Japan had fewer experiences about such important fields in both scientific and engineering
aspects.

From 1970's to 1980's, international interests were focused on avoiding possibilities of nuclear
proliferation in fuel cycle. Japanese earnest wish on establishing self-independent nuclear fuel cycle
was one of discussion items at INFCE Conference. They recognized the special circumstances of
non-nuclear armed Japan, and accepted Japanese fuel cycle planning under some restrictions, in which
Pu production was strictly limited to peaceful use. It required several additional difficulties in
technology development, and Japanese engineers have been asked to develop their own methods to
override such new problems. Under such setting in agreement, PNC Tokai Fuel Reprocessing Plant
started operation in 1973.

Meanwhile, the managing body to take responsibilities of such important works as commercial
reprocessing plant operation was also the major subject to be discussed and electric power industries
of Japan agreed to accept such obligation for increasing steady of nuclear power generation in Japan.

In the historical view, nuclear fuel reprocessing technology had long history as nuclear reactor
power generation had, especially in weapon application side. However, for peaceful use, there were
many differences from the technologies for military use, especially on safety aspects. Usually
accepted way to recover the technical gap between the pioneers and the followers are to introduce the
technical licensing and to ask the guide from the foreign senior countries. It was adopted even in the
nuclear power generation but might not be applicable in this case.

Considering this situation, it was obvious common understanding to ask urgent promotion for
rapid development of various technologies with handling the spent fuel and TRU by our hands to
establish the reprocessing engineering for peaceful use only. Based on official schedule on nuclear
development in Japan settled by the Atomic Energy Commission of Japan, JAERJ started, already in
1981, to study the experimental criticality problems on the several fuel solutions and proposed the
general design of CSEF(Criticality Safety Experiment Facilities), which might be recognized as the
origin of present NUCEF. After some years' discussions and investigations, this proposal finally
converged to constructing two specific facilities, handling separately static and kinetic problems in
STACY (Static Experiment Critical Facility) and TRACY (Transient Experiment Critical Facility.).
These facilities have very versatile characteristics to handle unirradiated nuclear fuel solutions. It
makes possible to use various compositions of nuclear fuel solutions covering almost all practical
aspects of fuel solutions in the nuclear fuel cycle.

Another particular aspect is that these facilities are operated and controlled by supporting
research staffs. They are not the simple test machines, but always observed by the eyes of
investigators. Above this situation, they have the strong background support of JAERI Tokai
Research Establishment. The situation has the similarities with the NSRR facilities, whose activities
have been remarkably successful at LWR fuel rod safety. Such flexible backups are expected to
contribute to solving many future safety problems concerning various fuel reprocessing process. They
are also highly expected to be the good consulting tools for complex safety licensing procedures.

Unavoidable technical difficulties in handling TRU elements in reprocessing process of irradiated

- 3 -
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fuel were less experienced though we had the handling technology at the amount of laboratory level.
Even in the early state, the jumping in handling amounts of TRU was asked for developing the TRU
handling technology to support the national project of domestic fuel reprocessing plant.

In JAERI, TRUST (TRU Engineering System Testing Facility) project started in 1983 to support
the national project of establishing Backend Technology. It was expected to cover wide research
items; development of TRU treatment method, developing the new processing method of high level
waste disposal, experimental safety study of reprocessing process and so on. Before TRUST was
combined with the above mentioned CSEF project, there were additional requests for the
developments in particular disposal method of the alpha radioactive waste, and the investigation on
gToup separation of long life radioactive elements.

I was personally interested in how the development of new material for those problems,
especially to keep tight and long period enclosing of such radioactive materials was combined with
the projects though I was unable to know about this because of my poor survey works.

2. Installation of NUCEF Facility

In 1985, two projects which had rather different characteristics were asked to be combined as the
one project. CSEF project and TRUST project were combined to the present NUCEF project. It
seemed due to the financial consideration to promote both projects for common subject of fuel cycle
safety technology. To obtain a government licensing for construction of STACY and TRACY, a
license application was presented to the Science and Technology Agency of Japan (STA) in 1987, and
I was personally involved in the safety licensing works as a group chief of consultants of STA. The
construction of both facilities started in 1989 and was completed in 1995 and they have served as very
active machines.

Accidentally, JCO criticality accident broke out in the fall of 1999, and NUCEF was asked as the
central facility to cover many sides of the accident because the accident was just solution type.
Already prepared nuclear cross section library and computing codes for the similar experiments at
NUCEF were directly useful to quick estimation for emergency action for criticality termination by
removing the water reflector, and estimation of cooling water removal effectiveness in reactivity
change. Of course, not only such emergency application, more fundamental complex geometrical
works were performed to reproduce the accident conditions. Kinetic experiments in TRACY could
confirm the value of inserted reactivity and simulate the ratio of the pulse peak and long-lasting
plateau. The neutron spectrum of the accident condition were not measured by any instruments
directly, then the dose estimation of human body exposure was another difficult task. However the
simulation experiments at TRACY could give good assumptions. Those extensive works completed
showed the typical example of abilities of the very versatile tool and very thick backup staffs within
JAERI.

As the other part of NUCEF, the construction of BECKY (Backend Cycle Key Elements
Research facility) was completed in 1995, and it is very important that the completion was before the
startup test operation of the large scale reprocessing plant at Rokkasho-mura. The steel cells for high
temperature chemistry of TRU were added in BECKY in 2003. For research side, this development of
BECKY symbolizes that Japan now has the experimental test facility devoting to lab-scale to
engineering-scale "hot" tests for chemical engineering studies.

The BECKY's facilities include cells for reprocessing test using high burn up uranium fuel and
irradiated uranium-plutonium mixed oxide fuel and for partitioning using highly radioactive solutions.
About 30 glove boxes are distributed for use of small amounts of radionuclides including TRU. One
of the glove boxes is used for a study on solidification of laboratory-generating TRU-containing liquid
waste. A non-destructive active- and passive neutron detection system for TRU in waste forms has
been developed here in BECKY.

By using such various facilities, a wide range of research activities on nuclear fuel cycle have been
accelerated such as highly effective reprocessing, partitioning of high-level radioactive liquid waste,
radioactive waste disposal, waste form detection system, and chemical analysis study of nuclear fuel.
The research has yielded productions of effective separation of actinide such as Np in wet
reprocessing of high burn up LWR fuel, lab-scale system demonstration of 4-group partitioning
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non-destructive detection of uranium in various wastes, engineered and natural barrier characteristics
of waste disposal, and data on radionuclide behavior under reducing environment of deep
underground. The steel cells with Ar atmosphere for high temperature chemistry of TRU installed in
2003 have expanded NUCEF's capability to carry out experimental studies using gram-order TRU
materials such as Am.

A large amount of waste arising from reprocessing process causes various difficulties, and many
proposals are possible. The selection of the disposal methods might be very important works, but must
not be answered in a short time. There may be many practical test requests for such versatile facilities
in national promotion of the fuel reprocessing. Of course, that could be good opportunities to show the
usefulness of NUCEF. I hope that the facilities are not considered to be simple test machines just for
short term purpose, but I think it must work also for future developing of reprocessing technology as
its long term research project.

3. Future Aspects of NUCEF

In JAERI Tokai Research Establishment, Japan Proton Accelerator Research Complex is now
being constructed. Wide range of researches will be performed in the Complex. I expect that facilities
and equipments of NUCEF and experience of NUCEF staffs will be very useful for those researches
especially for experimental studies handling "materials" heavily irradiated by accelerators. In this
sense, I think NUCEF has great possibility to play major role in fundamental science study field in
future.

In safety study field, NUCEF needs to keep its role as it has today. Recently public acceptance of
nuclear energy in Japan has gradually changed. Very optimistic hopes and emotional against opinions
have been toned down and real cool discussions are welcomed. This situation has required the sound
technical background without any desire or hesitation. Establishing Japanese independent nuclear fuel
cycle must be the reliable national subject, and it must not be the simple dreaming of nuclear peoples.
There are still many choices and possibilities. However, we must recognize that empirical information
on fuel reprocessing field including the safety storage of large amount of radioactive materials are
insufficient. Considering the non-proliferation aspect, we do not expect to easily get the important
knowledge from outsides in this field, though international collaborations are very essential. From our
experiences of effective international collaboration by NSRR, it was essential to have our own
original technical information that are exchangeable with collaborating countries. No own experiences
means no available information from foreign countries.

I have personal experience for international information exchange about JCO criticality accident
from the early investigation stage, including participation in many international meetings. In addition,
I am joining the work of the Atomic Energy Society of Japan, which is going to publish their four
years' report of its own special investigation committee in very near future. I was also asked to join
the IAEA task group works for the investigation of the JCO accident. Through those experiences, I
always have learned a lot of lessons in those fields, and those information would not have been given
us before our sad accidents.

As facilities open to national research groups and international groups, NUCEF facility may not
only contribute to promote their research subjects, but also contribute to the safety information
exchange. Extending such experiences for peoples in regulatory side is very optional.

Through my personal experience at the investigation stage of JCO criticality accident I found the
discrepancy between the safety aspects of reactor engineering and fuel cycle engineering in several
points, especially in the concepts of safety in depth. In general, reactor accident may cause severer and
wide scale results, and then they adapt the PSA method for the maximum hazard estimation, and setup
the exclusion barrier line of site. Even though many protection actions are prepared, it must be always
just in the worst possibilities. They are asked to prepare off-site evacuation for normal power plants.
In fuel manufacturing plant, they were not expected to postulate large-scale accident, and
deterministic estimation was adapted to estimate the maximum hazard of plant operation. Then, they
did not consider the necessity of off-site evacuation for the plant. In fact, off-site evacuation was
required in the JCO accident and the mayor of Tokai village accepted very cleverly this urgent calling.
I was personally very cautious about this point, but my colleagues in nuclear fuel field were not so
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much. They regretted, of course, the violating actions to regulation rules, but did not blamed the
insufficiency of hazard-scale estimation. I have a keen interest in future discussion within NUCEF
facility staff members on this discrepancy after several years' experiences of study since then.
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Fuel Cycle Safety Research—Role and Development in Future

Shiro Matsumoto*
Saitama University, Saitama-city, Saitama, 338-8570, Japan

KEYWORDS: Abnormal situation management, Risk informed regulation,
Dynamic Simulation

1. Introduction

Nuclear facilities have been the potential to harm a number of people and environment if a serious
accident occurs. Therefore, It is necessary to establish design criteria, safety assessment standards
and operation regulations to ensure an adequate margin for safety on the design and the operation of
such facilities. The facility design and its operation continue to be improved with new technology and
knowledge, while the standards, operation regulation are improved to reflect the lessons learned from
incidents and accidents. The accident at Three Mile Island and Chernobyl nuclear power plant made
it clear that the reliability of the people performing the operation and maintenance, as well as other
human factors, is important. As a result of these accidents, there was a greater recognition of the
importance of probabilistic risk assessment.

While, in the chemical process industries, accident of the pesticide manufacturing facility in Bhopal,
India also served as a wake up call unlike any other. It was of great importance to undertake the
development of prescriptive risk management and regulatory action to mitigate its side effects. Risk
informed methodology plays an important role on chemical process safety issues. Risk informed
in-service inspection was used in risk quantification in formulating an in-service inspection plan.
This methodology has been successfully adopted by the oil and gas industries and chemical plants.
These sectors have been able to establish effective structural integrity management programs that
reduce plant down time and industrial and regulatory burdens, whilst continuing to maintain plant
safety.

Nuclear Safety Commission reported the policy for introducing regulation that utilizes risk
information last year. The report expects that the risk informed regulation will be developed to
complement and advance the current regulation, maintaining the concept of defense-in-depth,
(prevention of occurrence of abnormality, prevention its escalate into accidents, mitigation of
consequence). The application of risk information into the quantitative assessment and confirmation
of safety assurance will help to improve the rationality, consistency and transparency of safety
regulation.

Today, there continues to progress on the understanding and analysis methods for the process
behaviors of nuclear facilities. It has become possible to investigate frameworks for effective,
comprehensive safety assurance and safety regulation using the risk information. Nuclear fuel cycle
facilities, especially reprocessing facility are now shifting from design of reprocessing plant to the
construction and operation phases, and its operational safety improvement must be achieved by using
the risk information obtained through the operation experiences including problems such as troubles.

2. Lessons learned from Bhopal

Twenty years have been passed since the world's worst industrial disaster — Bhopal accident—
released forty metric tons of methyl isocyanate from the pesticide manufacturing facility of Union
Carbide Corporation in Bhopal, India. No one really knows how many people died after inhaling the
chemicals that were released from cylindrical storage vessel on the night of December 2, 1984. A
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report released by the Indian government last may notes a conservative estimate of 2,500 immediate
human fatalities. In 1997, Indian officials tabulated a death toll of 15,000 people, most of whom died
of chemical gas—related aftereffects, such as tuberculosis and respiratory problems. Moreover,
hundreds of thousands of people may have been injured.

The specter of Bhopal catalyzed many voluntary programs and legislation aimed at prevention,
training, preparedness and response, which are now integral parts of the process safety landscape.
The American Institute of Chemical Engineers established its Center for Chemical Process Safety
which plays the role of an information and training clearinghouse for process safety. In 1985,
American Chemistry Council mandated its members to adopt a program called Community Awareness
and Emergency Response which required companies to develop emergency response plans in
cooperation with local emergency responders. In 1987, Canadian Chemical Industry launched
Responsible Care which endorses the ethic of continual improvement in health and safety practices.
The Responsible Care was adopted by the American Chemistry Council in 1988 and the program is
now embraced by 47 countries.

U.S government followed industry's lead by creating or amending legislation to better protect
people and environment. In 1986, Congress passed the Emergency Planning and Community Right
to Know Act. The act mandated the responsibilities of industry to inform neighboring communities
of chemical hazards, as well as to coordinate and plan emergency response procedures both on and off
site. It also required certain facilities to annually report the release of certain toxic chemicals. The
first such compilation in 1988 indicated that some 4 billion lb of toxic chemicals were being released
into the air each year. That finding triggered amendments to the Clean Air Act in 1990, such as the
Process Safety Management standard which was promulgated by the Occupational Safety and Health
Administration in 1992, and the Accidental Release Prevention, Risk Management Program, which
was promulgated by the Environmental Protection Agency in 1999. The Clean Air Act amendments
also authorized the creation of the U.S. Chemical Safety and Hazard Investigation Board, an
independent federal agency that investigates major chemical incidents to determine their root cause.

Educational institute are also placing more emphasis on process safety. Many universities now
include a process safety course in the core curriculum of their chemical engineering programs.
Engineering undergraduates at some schools can specialize in safety by option for elective courses in
related areas, such as design safety or fire protection. Graduate students are conducting research on
safety—related topics, such as runaway reaction or fires and explosions.

This mounting awareness appears to be paying off. Responsible Care companies in the U.S.
succeeded in halving their rate of occupational injury and illnesses since 1990, while effecting a 35 %
decrease in the number of reportable process safety incidents since 1995. According to Occupational
Safety and Health Administration, the number of fatal or catastrophic incidents requiring agency
inspections also appears to be trending down. Only one fatality has been recorded so far in 2004.

3. Abnormal Situation Management

Many process plants in chemical industries have proven procedures for dealing with emergencies.
However, between normal operation and real emergencies is a gray area that few facilities effectively
address. Most companies are aware of the risk of operator overload during such abnormal situations.
Often, the only real response has been to improve control system alarm with alarm management so
that operator don't face numerous, confusing alarms. However, this is not enough, according to
in-depth surveys conducted on a number of plants.

Abnormal situation management is a safety issue, and safety long has been a top priority for
companies in chemical process industries. The Occupational Safety and Health Administration
(OSHA) 29 CFR 190.119 Process Safety Management Standards will further reinforce this. To
investigate and identify root cause of abnormal operations and to pinpoint best practices for preventing
these situations or at least handling them most effectively, the survey works were carried out around
world, including in the U.S.A., Canada, the U.K., Europe, and Japan. On those surveys, eight key
issues were identified. One of them was the absence of procedures for dealing with abnormal
operations (as opposed to emergencies).
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Fig.l Anatomy of a disaster form an operation perspective.

Operator work within a simple framework that has three main areas : normal, abnormal, and
emergency operation shown in Figure 1. The diagram shows that the operator is driven by
management goals that start with " Keep Normal ". The operator's task is to prevent and react to
deviations. This is done by monitoring, testing, and responding to process and equipment alarm.
The goals include safety, environmental, quality, economic, and productivity target. As an event
occurs, the operator's goal are modified dynamically and automatically to " Return to Normal ".
However, success depends on response time and the actions taken. On some occasion, Operators may
have to manually intervene. If the incident escalates, the operator may sacrifice lower priorities to
achieve " Bring to Safe State ". The operator often is supplemented by automatic shutdown system
and other safety devices. Many processes still required a considerable amount of manual
intervention during this phase. The operator frequently is faced with weighing unit shutdown against
plant shutdown. The consequences are balanced against goals, risks, and operator/supervisor
judgment. In worst scenarios, the containment systems may not be adequate, and the operator's goal
again change to " Minimize Impact ". This involves implementing emergency response procedures,
which may include first aid, fire fighting, and evacuation.

The surveys have revealed that plants typically have well defined normal operating procedures, that
is, very basic abnormal operating procedures such as for shutdown, and very good emergency
planning and response procedures. However, it has been seen very little in the way of procedures for
" Return to Normal " and operating under abnormal conditions. It also have been found that little or
no technology exists for coping when between normal and out-of-control operation, that is, diagnosis
and recovery can be difficult because of process dynamics and the need for speedy response. Many
operators have stated that controls and procedures are inadequate during this difficult operation.
Therefore, we can contemplate addressing the missing technology area that lies between " Return to
Normal Operation " , and " Bring to a Safe State ". The Surveys can deliver significant benefits as we
contemplate changing the culture from a reactive control system designed for normal and emergency
situations to a predictive and preventive one that invests significant design time to abnormal situations.
Dynamic snnuiauon icdiniquc will puiv an important, role on doing so in me luiure.

4. Learning from Accident

When a new process has run for a while, unanticipated phenomena, related to trace components that
may not even have been identified during process development or on process change, often become
key issues in the everyday functioning of the process. One such effect is entrapment of trace
components as bulges in distillation columns. Such bulges have figured in many process problems in
the chemical process industries. An example of such kinds of unanticipated phenomena is shown
here.
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A violent explosion accident occurred at the rectification tower for methanol/water solution at a
newly surfactant plant developed in Japan in 1991. This explosion was characterized as a detonation.
The pressure at the center of the explosion was estimated as more than 160 kgf/cm . The explosion
was caused by trace amounts of organic peroxide as an impurity of bleaching stage of the surfactant
which unexpectedly concentrated to more than 40 % in the rectification tower as shown in Figure 2.

condenser condenser

crude methanoi

purified metnanol

waste water

Fig.2 Rectification Process of Crude Methanol/Water Solution.
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Fig.3 Computer Simulation for Concentration of MHP in the
Rectification Tower (TakiagejFlux by Stream).
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The explosive substance was identified as methyl hydroperoxide (MHP) in post-accident
investigations. The feed with a MHP concentration of only 0.1 % was not explosive itself.
However, the boiling point of MHP is between that of methanol and water. MHP was accumulated
in the rectification tower. According to computer simulation, the maximum concentration of MHP in
the rectification tower was 40 to 50 % at the shutdown stage as shown in Figure 3.

Trace amount of MHP contained in the feed of methanol/water solution was concentrated at
shutdown stage of the rectification tower. The imbalance of thermal equilibrium of the rectification
tower introduced self-accelerated thermal decomposition of MHP, which resulted in a violent
explosion. Although the chemical identity of trapped trace component may not be known in advance,
the trapping itself increases concentration to the point where sampling can furnish analytical
identification. Such phenomenon is also abnormal situation on the operation of chemical process.
Dynamic simulation can help to analyze the transition from normal to abnormal state. Such
problems can be anticipated, or at least readily diagnosed.

5. Dynamic Simulation

The use of models in chemical industries is well established, but the use of dynamic models, as
opposed to the more traditional use of steady-state models for chemical plant analysis, is much more
recent. This is reflected in the development of a powerful commercial software packages for
dynamic simulation, which has arisen owing to the increasing pressure for design validation, process
integrity and operation studies for which a dynamic simulator is an essential tool. Indeed, it is
possible to envisage dynamic simulation becoming a mandatory condition in the safety assessment of
plant, with consideration of such items as start up, shutdown, abnormal operation, and relief situations
assuming an increasing importance. Dynamic simulation can thus be seen to be an essential part of
any hazard or operability study, both is assessing the consequences of plant failure and in the
mitigation of possible effects. Dynamic simulation is of equal importance in large scale continuous
process operation, as in other inherently dynamic operation such as batch, semi-batch and cyclic
manufacturing processes. Dynamic simulation also aids in a very positive sense in enabling a better
understanding of process performance and is powerful tool for plant optimization, both at the
operational and at the design. Furthermore,

Steady-state operation is then seen in its rightful place as the end result of a dynamic process for
which rates of change have become eventually zero.

The characteristics or principles of mathematical modeling can be summarized as follows:
1) The mathematical model can only be an approximation of real-life processes, which are often

extremely complex and often only partially understood.
2) Modeling is a process of continuous development, which it is generally advisable to start off

with the simplest conceptual representation of the process and to build in more and more complexities,
as the model develops.

3) Modeling is an art but also a very important learning process. In addition to a mastery of
relevant theory, considerable insight into the actual functioning of the process is required. One of the
most important factors in modeling is to understand the basic cause and effect sequence of individual
processes.

4) Models must be both realistic and robust. A model predicting effects, which are quite
contrary to common sense or to normal experience, is unlikely to be met with confidence.

One of the more important features of modeling is the frequent need to reassess both the basic
theory (physical model), and the mathematical equations, representing the physical model
(mathematical model), in order to achieve agreement between the model and actual process behavior
(process data). As shown in Figure 4 the following stages in the modeling procedure can be
identified.

1) The first involves the proper definition of the problem and hence the goals and objectives of the
study.

2) All the available knowledge concerning the understanding of the problem must be assessed in
combination with any practical experience, and perhaps alternative physical model may need to be
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developed and examined.
3) The problem description must then be formulated in mathematical terms and mathematical

model can be solved by computer simulation.
4) The validity of the computer prediction must be checked. After agreeing sufficiently well

with available knowledge, the strategy for taking the process data must be designed to further check its
validity and to estimate parameter values. Steps (1) to (4) will often need to be revised at frequent
intervals.

5) The model may now be used at the defined depth of development for design, control, operation
procedure, and for other purposes

DYNAMIC
PROBLEM

Define goals

i
Collect available

knowledge
Make experiment

Estimate parameters

Set-up or revise model
Solve using computer

I Use model defined at depth
for design, control etc.

[ Use model defined at depth
for design, control etc.

I L

MODEL

Fig.4 Steps in model building.

6. Conclusion

Abnormal situation management is a safety issue. Little attention has been given to understanding
the issues regarding performance during normal versus abnormal situation. The first step is in
abnormal situation management is to define what really is abnormal. The second step is to ensure
that everyone understands the difference between normal and abnormal, and the root causes of
abnormal events. The third step is to be aware of current practices that support abnormal situation
management, and the procedures, practices, and techniques used to respond to abnormal conditions.
Dynamic simulation will become to an useful technique for abnormal situation management as well as
probabilistic safety assessment for process facilities including nuclear fuel cycle.
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3.1 Accomplishment of 10-year Research in NUCEF

and Future Development -Overview Summary -

Kiyomi ISHIJIMA
Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

This paper provides brief history of NUCEF and major accomplishments of
research activities in the facility.

KEYWORDS: NUCEF, facility features, criticality safety, chemical separation
process, radioactive waste management, TRU chemistry

1. History and general features of the facility

Nuclear Fuel Cycle Safety Engineering Research Facility (NUCEF) is a large facility at which basic
research and development in the field of the nuclear fuel cycle including radioactive waste disposal is
carried out. The construction of the facility started in 1989, and was completed in 1992. In 1995 it
started to be commissioned.

1989 1995 2000 2005

* Construction of • JCO Criticality Accident
ROKKASYO Reprocessing Plant

Construction / Installation;/
ration

First
Criticality(1995)

STACY

TRACY

Critical
Experiments

First N
Criticality(1995)

Critical
Experiments

GB \ Experiments with U, Pu, Rl (TRU etc.)

B E C K Y a rcell\[e8toperation

TRU HITEC

Fig. History of NUCEF

NUCEF consists of the administration building and two experiment building A and B. The
experiment building A has two solution critical facilities, STACY (Static Experiment Critical Facility)
and TRACY (Transient Experiment Critical Facility). A fuel treatment system is also located in the
experiment building A to supply uranium solution fuels for STACY and TRACY. The experiment
building B, which is called BECKY (Back-end Fuel Cycle Key Elements Research Facility) has many
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items of research equipment including a y cell and glove boxes in which nuclear materials such as
spent fuels and radioactive materials such as TRU elements can be used.

2. Major accomplishments of research activities in NUCEF

The research activities performed in NUCEF are covering four research fields, researches on
criticality safety, chemical separation process, radioactive waste management and TRU chemistry.
Major topics of accomplishments and future plans of each research field are as follows.

1) Research on Criticality Safety
Fundamental criticality and supeicriticality data of solution fuels have been measured, collected and evaluated

Criticality accident evaluation code AGNES has been developed These data and the code were utilized in
measurement and analysis for investigation of JCO criticality accident Systematic criticality data of low enriched
uranium solution fuels were provided for International Handbook of evaluated criticality safety benchmark
experiments project of OECD/NEA.

2) Research on Chemical Separation Process
Improvement of reprocessing process and development of group partitioning process of HLLW (high level liquid

waste) have been performed Selected separation of Neptunium in single extraction cycle process was demonstrated
using LWR spent fuel dissolved solution. Confinement safety of a large scale reprocessing plant under normal
operation condition was evaluated Process performance of 4 group partitioning for elements separation was
demonstrated using concentrated high level liquid waste.

3) Research on Radioactive Waste Management
Mass transfer measurements in engineered and natural barriers in disposal were performed Chemistry and

geochemistry of long lived nuclides including transuranium elements under deep underground environments have
been studied The data acquired have been utilized to support long term safety assessment of radioactive waste
disposal, renewing some previous date and explanation on solubility and diffusion of elements.

Radioactivity measurement system of solid waste using active and passive methods was developed

4) Research on TRU Chemistry
Experimental facility for high temperature chemistry of minor actinides, which is very useful for future nuclear

fuel cycle technology has been newly installed and is now under operation.

3. Future Developments

Research activities in NUCEF mentioned above will be continued to contribute to criticality safety, waste disposal
safety and advanced fuel cycle technology developments. NUCEF is very precious hot experiment facility in
nuclear fuel cycle and waste disposal fields and should be made full use of for long term projects.
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3.2 Accomplishment of 10-year Research in NUCEF and Future Development
- Criticality Safety Research -

Yoshinori MIYOSHI

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Since 1995, static and transient critical experiments on low enriched uranyl
nitrate solution have been performed using two solution type criticality facilities,
STACY and TRACY constructed in NUCEF. The obtained fundamental and
systematic data on aqueous solution were used to validate the criticality safety
calculation codes and to develop the transient analyses codes for criticality
accident evaluation. This paper describes the outline of the criticality safety
research conducted in NUCEF.

KEYWORDS: Critical Experiments, STACY, Homogeneous Core,
Heterogeneous Core, TRACY, AGNES, Burnup Credit, JACS

1. Introduction

From the view point of criticality safety for nuclear facilities related to the fuel cycle in

Japan, experimental studies on static and transient criticality characteristics of low enriched

uranyl nitrate solution have been performed using two experimental facilities in NUCEF.

Since the initial criticality of STACY in 1995, a fundamental critical data on 10% and 6%

enriched uranyl nitrate solution for single core system have been accumulated. In addition,

criticality properties for complicated system such as multiple core system and heterogeneous

system simulating a dissolver in the reprocessing plant have been studied.

These data are used to validate the Japanese criticality safety computer code system,

JACS and to improve Japanese Evaluated Nuclear Data Library JENDL 3.2. JAERI has

participated in the International Criticality Safety Benchmark Evaluation Project (ICSBEP)

of OECD/NEA since the beginning of this project. The criticality data obtained at STACY have

been carefully evaluated based on the benchmark evaluation method of the ICSBEP. Kinetic

parameters and reactivity coefficients, which dominate the transient profile, were also

measured for various core configuration, and evaluation methods for these parameters were

developed. Measurement technique for subcritical fuel system and simulation method are

under developing.

On the other hand, transient characteristics have been investigated with TRACY using

10 % enriched uranyl nitrate solution since 1996. Power profile data in various condition of

reactivity addition mode were accumulated using an unreflected cylindrical core. Transient

' Corresponding author, Tel. +81-29-282-5798, Fax. +81-29-282-6671, E-mail: miyoshi@cyclone.tokai.jaeri.go.jp
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data of TRACY were used to develop a kinetics code AGNES which simulates the phenomena

in the criticality accident of fuel solution system. This code was utilized to evaluate the total

fission yield at the first critical accident of Japan in 1999. In order to establish the measures

in the critical accident in fuel cycle facilities, spatial distribution data of neutron and gamma

ray and spectral data are accumulated.

2. Static Experiments with STACY

In the homogeneous system, single core tank is installed for measuring basic benchmark

data such as critical solution height, reactivity effect of reflector and fuel solution

temperature1"45. For study on neutron interaction effect, two core tanks are installed for

measuring the basic characteristics of reactivity from one core to another. Distance and

specification of shielding materials between two tanks are changed during this experiment0.

For demonstrating the criticality safety codes of, JACS, heterogeneous system composed of

array of UO2 rods immersed in uranyl nitrate solution were constructed. Lattice pitch of fuel

rods, concentration of uranium in fuel solution are main critical parameters6'.

Subcritical measurements were also performed to develop the criticality safety

monitoring techniques75. Kinetic parameter such as the ratio of peff / 1 ((3eff : effective

delayed neutron fraction, 1 : prompt neutron life time) is a dominant parameter which

determines the transient characteristics at a criticality accident*. Temperature coefficient is

a main parameter which effects the transient characteristics at a criticality accident.

Reactivity effects due to change in fuel temperature were measured with two cylindrical cores

of 60 cm and 80 cm in diameter, which contain 10% enriched uranyl nitrate solution.

Since introduction of burn-up credit is a main issue of advanced criticality safety design and

control, a series of experiments to demonstrate the neutron absorber effects of main elements

of fission products are on schedule*.

JAERI plans to revise the criticality safety data and handbook by using the latest code

system validated with wide range criticality data of NUCEF, and to establish a consolidated

criticality evaluation system JACS2, which includes criticality and burn-up codes including

main interface for criticality accident evaluation105. NUCEF will contribute as a useful

facility to obtain fundamental criticality data on various kind of fuels such as MOX and MIX

solution.

3. Transient Experiments with TRACY
In order to investigate the criticality accident phenomena of solution fuel, an experiment

program using the transient experiment criticality facility, TRACY, has been conducted by

Japan Atomic Energy Research Institute. Since the first criticality, more than 200 of the

operations of TRACY have been performed and many basic data for low-enriched uranyl

nitrate solution were obtained. Data such as power profile and the number of released fissions

were measured under various experimental conditions115.
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The obtained data are expected to be useful for the emergency planning for a reprocessing

plant, determining the action against an emergency situation and the estimation of the fission

yield released at a criticality accident. The experiments using highly-enriched uranium

solution were also performed with CRAC and SILENE reactors before, however, there are

little experimental data for low-enriched uranium solution.

A one-point kinetics code, AGNES2, has been developed for the evaluation of the

criticality accident of nuclear solution fuel system12). The code has been evaluated through the

simulation of TRACY experiments and used for the study of the condition of the JCO

criticality accident. A criticality accident which occurred at a precipitation tank in the JCO

company Tokai-works in 1999 was simulated using AGNES2 code for the investigation of the

condition which initiated the accident. The geometry of the precipitation tank was very

complicated, however, a cylindrical shape was used for the simulation. It contained 18.8%

enriched uranyl nitrate solution at that time. The uranium concentration was 370gU/Lit. and

the acid molarity was 0.5mol/Lit. The solution was poured into the tank using a bucket when

the criticality achieved. Based on the excess reactivity evaluatied a Monte Carlo Code

MCNP, transient analyses were made with AGNES2 to study the power profile in the initial

burst region. The simulated values show good agreement with the value of the gamma-ray

area monitor except the detail fluctuation. From this result, the inserted reactivity is

estimated between 1.5$ and 3.0$ 13).

Typical data of pulse withdrawal mode were adopted as a benchmark problem for

international comparison of the criticality accident evaluation codes at the Working Party on

Nuclear Criticality Safety in OECD/NEA. Studies on transient characteristics with a water

reflected core are planned in TRACY.

4. Future subjects

Relating to the fuel solution system encountered in the reprocessing plant, following

experiments and analyses are important in nuclear criticality safety field.

Acculmuation of critical data on neutron absorber such as gadolinium to evaluate the

reactivity effect.

Study on reactivity effects of main Fission Products for introducing burn-up credit

level-II.

Development of sub criticality evaluation technique applicable to equipments on site.

Systematic benchmarks for validating criticality safety code and nuclear date for

plutonium system such as MIX solution and MOX powder fuels.

• Development of integrated criticality evaluation system composed of the burnup
calculation code and criticality calculation code.

Study on transient behavior for water reflected system of low enriched uranyl nitrate

solution and to evaluate the cooling effect on power profile.

Development of critical accident evaluation system for both nuclear characteristics

and spatial distribution of neutron and gamma ray for dose evaluation
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Validation of criticality safety and transient code for plutonium fuel system.
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STACY TRACY
Study on basic critical property of low
enriched U and Pu nitrate solution

- Basic homogeneous core
• Temperature coefficient
• Kinetic Parameter

• Multiple core system
• Heterogeneous core system

•FP effect. Absorber

1 Study on transient behavior of critical
accident
• Power, Temperature, Pressure
* Feedback mechanism

(Temperature, Void effect)
* Spatial distribution of neutron,

gamma ray
• Shielding effect

•Confirmation of criticality safety margin
•Validation of criticality safety codes

nuclear data libraries
•Compilation of Japanese Criticality
Safety Handbook and calculation code

• Development o revaluation system for
critical accident

Figure 1. Research subjects of STACY and TRACY for fuel solution system
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Figure 2. History of critical experiments in STACY and TRACY
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3.3 Accomplishment of 10-year Research in NUCEF and Future Development
- Process Safety and Development Research -

Yasuji MORITA, Toshihide ASAKURA, Hideaki MINEO,
Shinobu HOTOKU and Gunzo UCHIYAMA

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Researches on process safety of reprocessing, development of an advanced
reprocessing and partitioning of high-level liquid waste(HLLW) have been
conducted in NUCEF - BECKY (Back-end Fuel Cycle Key Elements Research
Facility), which has a-y concrete cells and many glove-boxes. This paper
presents 10 year accomplishment of the above researches and future activities to
be conducted in the field of separation process development.

KEYWORDS: Reprocessing, Process safety, Advanced reprocessing, Spent
fuel, Partitioning, High-level liquid waste

1. Introduction

Back-end Fuel Cycle Key Elements Research Facility (BECKY) in NUCEF experimental
building B has three hot cells and many chemical laboratories with glove boxes and fume hoods.
One of the hot cells, named Process Cell, contains reprocessing experiment equipment and equipment
for partitioning process, as shown in Fig. 1, which were utilized for reprocessing tests with spent fuel
and partitioning tests with high-level liquid waste. Spent MOX fuel, 2.2 kg as U, 299 TBq of
radioactivity and 200g of Pu per an experiment can be used in the Process Cell. Glove boxes and
fume hoods were being used for small scale tests,
fundamental experiments with actinides, analysis of
samples from the hot cells and etc.

After the completion of the facility in 1994, both
reprocessing tests and partitioning tests were carried
out to obtain experimental data with real material.
Figure 2 shows history of the two series of the tests in
this 10 years. The present paper reviews 10 year
accomplishment of the above researches and describes
future activities to be conducted in the field of
separation process development.

With reprocessing experiment equipment,

Reprocessing
experiment equipment

Equipment for
partitioning process

Fig.l NUCEF, BECKY, Process Cell

Fig.2 History of Reprocessing tests and partitioning tests in NUCEF-BECKY
Year 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Reprocessing
Experiment
Equipment

Process Safety Research, Research on Advanced Reprocessing

Tests with spent U fuel

Tests with U,
Modification of Equipment

Equipment for
Partitioning
Process

T
44GWd/t

1.2 kg

Tests with
spent

MOX fuel

44J GWd/t
1.2 kg

40GWd/t
1.8 kg

Cold Tests

Research on Partitioning Process

Tests with real HLLW

Semi-Hot
Test

1st Hot
Test

2nd Hot
Test

Liqnid Waste
Treatment

Solid Waste
Treatment
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To air

Evaluation of discharge to
environment (air and sea)

Analysis of transfer behavior

research on safety of PUREX process and research on advanced reprocessing based on PUREX
process were conducted by the reprocessing tests with several kinds of spent fuels from light water
reactors, of which burn-up was gradually increased. Presently, spent MOX fuel of advanced thermal
reactor, FUGEN were being used for the reprocessing tests.

With equipment for partitioning process, 4 Group Partitioning Process was tested with real high-
level liquid waste, which was provided by the reprocessing tests. The second hot test of partitioning
was performed as the final demonstration using 5TBq of concentrated high-level liquid waste

2. Reprocessing Test

Almost a complete set of equipment for reprocessing of spent fuel except the equipment for
shearing the fuel pins was installed in the Process cell. We have batch-wise dissolver of 2.2 / as
maximum volume of solution, the equipment for off-gas treatment with Kr monitor and iodine
absorber. Five units of mixer-settler were installed for extraction tests. Typical flow rate of feed
solution at the first cycle is 0.15 to 0.2 //h. We also have the equipment for waste treatment step,
particularly for solvent washing.

The first purpose of the reprocessing tests is to verify the confinement safety of a large-scale
reprocessing plant under normal operational condition by examining behaviors of radionuclides in
dissolution and extraction steps. We have performed reprocessing tests with spent fuel of 8 to 44
GWD/t burn-up, and obtained data on element behaviors1^. They were also evaluated by a
simulation code, and finally a database on process chemistry was established. Those resulted in
evaluation of radionuclide discharge to the environment (Fig. 3).

Figure 4 shows one example of spent fuel test results,
trapped amount of iodine 129 at AgS (silver-impregnated
silica-gel) column. One of the most important volatile
radionuclides, iodine-129, was captured very effectively in
off-gas treatment step with AgS. The amount of iodine
decreased by four orders of magnitude from first cartridge to
the seventh. A similar good result was obtained by AgA
silver-impregnated almina

Confinement safety of a large-scale reprocessing plant
under normal operational condition was confirmed through
these experiments and the evaluation followed.

Demonstration experiments of an advanced
reprocessing have been conducted by using spent fuels to
establish single-cycle reprocessing technology, which was
the second purpose of the reprocessing tests in NUCEF5"7^.
Current PUREX process has two purification steps
for U and Pu. If those steps can be omitted, the
plant scale can be drastically reduced. Selective
Np Stripping is one of the key technologies in the
single cycle PUREX. This meets the requirement
of the Innovative Water Reactor (Reduced
Moderation Water Reactor) being developed in
JAERI8).

A flow-sheet of an advanced reprocessing by
single cycle process, including selective separation
of Np by the reduction of Np(VI) to Np(V) with n-
butyraldehyde9) at the second mixer-settler after co-
extraction, was tested with the spent fuel. Figure 5
shows concentration profiles of Np and Tc as one of
the results. About 75% of Np were stripped from
the solvent keeping U and Pu in the organic phase.
Selective reduction of Np and separation of Np were

Transfer data at respective
separation equipments

-*—di_uj

Fig.3
• To sea

Concept of confinement safety
evaluation in reprocessing.
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1.0E+5

1.0E+4
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4 _
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1 .- o - Dissolution #1
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Cartridge No. / -

One example of spent fuel test results
Trapped amount of 1-129 at AgS column.
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n-btuylaldehyde

Np(aq.)-

demonstrated using spent fuel dissolver
solution by the salt-free reductant, n-
butyraldehyde. As a result of another
experiment, 89% recovery of Np were
obtained by changing the conditions of
reductant addition and others. Figure 5
also shows that high acid scrubbing was
effective for Tc separation. Further
studies are continued using spent MOX
fuel.

Waste reduction is also very
important in an advanced reprocessing.
Studies on solvent washing by a salt-free
reagent was conducted from mis point of
view and showed that butylamine
compounds were an effective salt-free
reagent10). Decontamination factor for
alpha activity of about 1000 was
obtained in the solvent washing test with butyl amine compounds (carbonate and oxalate) against the
solvent used in the reprocessing test with spent fuel of 44GWd/t5). Decontamination factors for DBP
(dibutylphosphoric acid), the most important degraded product of TBP, were 2.5 - 7.9 in solvent
washing tests against the used solvent which treated 29GWd/t spent fueln).

Fig.5

2 ' 4 6 8 10 12 14'16 ' 18 20
Stage No.

Concentration profiles of Np and Tc in the second
mixer-settlers for their scrubing, obtained by spent
fuel test.

3. Partitioning Test

High-Level Liquid Waste

1
Formic acid - Pre-treatment

(Denitration)

The 4-Group Partitioning Process has been developed to separate the elements in high-level
liquid waste (HLLW) into four groups: transuranium elements (TRU), Tc - platinum group metals
(PGM), Sr - Cs and the other elements12>13). The flow sheet is shown in Fig. 6. TRU are separated
by extraction with diisodecylphosphoric acid (DIDPA). Tc and PGM are separated by precipitation
through denitration. Tc can be selectively dissolved from the precipitate by hydrogen peroxide.
Finally, Sr and Cs are separated by adsorption with inorganic ion exchangers of titanic acid and zeolite.
The exchangers loaded with Sr-Cs can be converted to a stable material by direct calcination.

Partitioning tests at NUCEF are started from the Cold Test using simulated HLLW, as shown in
Fig. 2. In 1997, the Semi-Hot Test was carried out as a next step to examine the behavior of
radionuclides, particularly Am and Tc. Then the
first Hot Test was performed with real HLLW (370
GBq) in 199814). Finally, a Demonstration Test of
the 4-Group Partitioning Process was carried out in
1999-2000 with the concentrated real HLLW15).

About 12.5/ (5TBq) of the raffinate obtained
by two reprocessing tests with spent fuels burned up
to 8GWd/t and 29GWd/t were used for the
preparation of the concentrated HLLW. The
raffinate was first heated to make the precipitate
easy-to-fllter14) and then denitrated to about 0.5M
nitric acid. Then, the denitrated solution mixture
was concentrated to one-fifth of its original volume.
The concentrated HLLW was denitrated to adjust
the nitric acid concentration to about 0.5M and then
filtered. The solution was heated again after the
addition of Mo (Colloid removal step14)). Thus
pre-treated HLLW was used as a feed solution to
the DIDPA Extraction Step.

More than 99% of Zr were removed as a

"Precipitate

Pre-treated HLLW

DIDPA-
solvent

Formic acid-

Zeolite and .
Titanic acid

-0.5M HNOj

1
Solvent

Extraction

Raffinate

1
Precipitation by

Denitration

_L
Column
Adsorption

l
Effluent -

DTPA JC

Selective
Back-extraction

TRU
Group

Rare Earths

Tc-PGM
Group

Sr-Cs
Group

Others
Group

Fig.6 Flow Sheet of 4-Group Partitioning Process
tested with concentrated HLLW.
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precipitate at the concentration step for HLLW, which is one of the purposes of the Pre-treatment Step.
The precipitation of Am, Eu, La and Sr was not observed through the concentration, denitration and
colloid removal steps.

Figure 7 shows operating conditions of
the two mixer-settlers in the present test. The
operation condition shown in was not
optimized one because of the space limitation
in the hot cell. The scrub solution (0.5M
nitric acid) contains and 1.0M hydrogen
peroxide, which was added for the effective
extraction of Np16"18). The solvent
composition was 0.5M DIDPA and 0.1M TBP
diluted with n-dodecane.

Figures 8 shows the behaviors of
radionuclides, 24IAm, 154Eu, 137Cs and ^ N p , at
the 1st mixer-settler. Table 1 summarizes the
fractional distribution of each element at the
1st mixer-settler. More than 99.998% of Am

Solvent
396ml/h

j — • —

1 2

Feed
95ml/h

3 4 6 7 8

1st Mixer-Settler

9

Scrub
104ml/h

10 V 12 13

4M HNOi
160ml/h

14 15 ie
i
t

I Am, CmLn Solvent

Solvent
203ml/h

•
T —

Np

1 2 3 4

Pu(Fe)]

5 6 7 B 9 10 11

2nd Mixer-Settler

0.8M H2C2O.,
298ml/h

12 13 14 15 ie

•

I Solvent |

were extracted and 99.986% of Am were back-
extracted with 4M nitric acid. Cm showed the
same behavior as Am.

The ratio of Np extracted was 98.2% in the
present test. The ratio was not sufficient, but must be
improved if the operating condition is optimized as
was described in the reference No.4.

Table 2 summarizes the fractional distribution
of each element in the 2nd mixer-settler. More
than 99.93% of Np and more than 99.98% of Pu
were back-extracted.

The raffinate of the DIDPA extraction was
concentrated from 5.1L to 2.1L and then denitrated
to separate Tc and PGM (Precipitation Step by
Denitration). The pH of the denitrated solution was
2.8, and therefore, it was neutralized by sodium
hydroxide solution and then filtered to prepare the
feed solution to the next Adsorption Step with
Inorganic Ion Exchangers

More than 90% of Rh and more than 97% of Pd
were precipitated by denitration. As for Ru, about
half were remained in the denitrated solution, but the
remaining Ru were quantitatively precipitated by
neutralization of the denitrated solution to pH 6.7.

Fig.7 Operating condition of mixer-settlers in the
Demonstration Test with concentrated HLLW.

- Am Aq.

- A m Org

-Eu Aq.

- Eu Org

- Cs Aq - • - Np Aq.

-Cs Org - O - N p Org.

1E+8

1E+7

1E+1

1E+O

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Stage No.

Fig. 8 Concentration profiles of radionuclides
(241Am, I54Eu, l}7Cs, 237Np) at the 1st
mixer-setltler.

Table 1 Fractional distribution (%) of each
element at the 1st mixer-settler

Element Raffinate Stripped
with4M

Solvent Mass
balance

Table 2 Fractional distribution (%) of each
element at the 2nd mixer-settler

_, . Stripped with
Element 0 g ^ ^ Solvent Mass

balance
Am
Cm

Eu
Np

Cs

< 0.002
< 0.001
< 0.0004

1.8

99.95

99.986
99.984

98.7

0.3

0.05

0.012
0.015
1.3

97.9

0.001

77
79

79

110

106

Np
Pu
Am

Cm

Eu

> 99.93
> 99.98
99.985

99.996

88.1

<0.07
<0.02

0.015

0.004

11.9

100
110

100

103

98
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99% of PGM were separated as the precipitates after neutralization. Tc could not be detected in the
2nd Hot Test, but in the Semi-Hot Test, 96.2% of Tc were precipitated.

At the Adsorption Step, 0.19kg of titanic acid (SrTreat® by Selion OY(9,10)) and 0.12kg of
zeolite (natural mordenite) were packed in series in 0.53L of an adsorption column. The filtrate (pH
6.7) of the preceding precipitation step was fed to the column in a flow rate of 0.43L/h (A linear
velocity was 1.3cm/min.). An analysis of the effluent showed a complete adsorption of Cs and Sr.
Decontamination factors for Cs and Sr were more than 106 and 104 respectively in all effluent samples.
The SrTreat® did not show any operational problems, but it required more than 0.1M of Na+ ion in the
solution.

The 4-Group Partitioning Process was demonstrated with concentrated real HLLW at NUCEF.
Objective elements were separated with an expected yield. We found no difficulty in operation and
no difference in separation behaviors of elements between simulated and real HLLW, which would be
the most important result. The original purpose of the partitioning equipment was accomplished with
these experimental results. Thus, a good performance of the 4-Group Partitioning Process in
separation of objective elements, but we are going to continue the research and development of the
partitioning process to make it more rational and more economical.

4. Concluding Remark

The facility and equipment in NUCEF-BECKY are very important and valuable for research and
development of next-generation reprocessing including partitioning, since macro amount of Pu, spent
fuel, and many kinds of radioisotopes can be used there. Research items to be conducted in NUCEF-
BECKY including the hot cells and many chemical laboratories with glove boxes and fume hoods are
low-cost separation of U and Pu with relatively high decontamination factors, selective separation of
U with a simple process, minor actinide (Np, Am, Cm) separation by solvent extraction or extraction
chromatography and separation of heat-emitting fission products (Cs and Sr) and valuable fission
products.

Scientific basis concerning actinide chemistry, separation chemistry, R&D of process element
with hot-tests, etc. is indispensable for the establishment of the next-generation reprocessing, which
the research activities in NUCEF-BECKY should be focused on. Only the good combination of the
scientific basis and the pair of integrated process development and engineering demonstration can lead
to the reprocessing of the next-generation.

REFERENCES
1. H. Mineo, et al., "Spent Fuel Dissolution Test including Dissolver Off-gas Treatment in the

Nuclear Alpha-gamma Cell: Spent Fuels with Burnups up to 44GWDf1", JAERI-Conf 2002-004,
Proc. of Int. Symp. NUCEF 2001, Tokai-mura, Japan, Oct.31-Nov.2, 2001, p. 511 (2002).

2. H. Mineo, et al., "A Simple Model Predicting Iodine Profile in a Packed Bed of Silica-Gel
Impregnated with Silver Nitrate", J. Nucl. Sci. Technol., 39 (3), 241 (2002).

3. G Uchiyama, et al., "Solvent Extraction Behavior of Minor Actinides in Nuclear Fuel
Reprocessing Process", J. Radioanal. Nucl. Chem., 246, 683 (2000).

4. S. Hotoku, et al., "Exctraction behavior of TRU Elements in the Nuclear Fuel Reprocessing", Proc.
of Actinides-2001, Hayama, Japan, Nov. 4-9, 2001, J. Nucl. Sci. Technol. Suppl. 3, 313 (2002).

5. G Uchiyama, et al., "Advanced Technologies for Long-lived Nuclides Separation in
Reprocessing", Proc. of GLOBAL2001, Paris, France, Sep. 9-13, 2001, (CD-ROM) (2001).

6. G Uchiyama, et al., "Long-lived Nuclide Separation for Advenced Back-end Fuel Cycle Process",
Proc. of Actinides-2001, Hayama, Japan, Nov. 4-9, 2001, J. Nucl. Sci. Technol. Suppl. 3, 925
(2002).

7. S. Hotoku, et al., "Spent Fuel Test on Extraction in Advanced Reprocessing Process", JAERI-Conf
2002-004, Proc. of Int. Symp. NUCEF 2001, Tokai-mura, Japan, Oct.31-Nov.2, 2001, p. 489
(2002).

8. T. Okubo, et al., "Advanced Concept of Reduced Moderation Water Reactor (RMWR) for
Plutonium Multiple Recycling", Proc. of GLOBAL2001, Paris, France, Sep. 9-13, 2001, (CD-

- 2 9 -



JAERI-Conf 2005-007

ROM) (2001).
9. G Uchiyama, et al., "New Separation Process for Neptunium, Plutonium, and Uranium Using

Butyraldehydes as reductants in Reprocessing", Nucl. Technol., 102, 341 (1993).
10. G Uchiyama, et al., "Solvent-Washing Process Using Butylamine in Fuel Reprocessing", Nucl.

Technol., 120, 41 (1997).
11. Y. Itoh, et al., "Development of Solvent Washing Process Using Butylamine Compounds", JAERI-

Conf 2002-004, Proc. of Int. Symp. NUCEF 2001, Tokai-mura, Japan, Oct.31-Nov.2, 2001, p. 603
(2002).

12. M. Kubota, et al., "Development of a Partitioning Process for the Management of High-Level
Waste", Proc. of GLOBAL'93, Seattle, Washington, Sep. 12-17, 1993, p.588 (1993).

13. M. Kubota, et al., "Preliminary Assessment on Four Group Partitioning Process Developed in
JAERI", Proc. of GLOBAL'97, Yokohama, Japan, Oct. 5-10, 1997, p.458 (1997).

14. Y. Morita, et al., "The First Test of 4-Group Partitioning Process with real High-Level Liquid
Waste", Proc. of GLOBAL'99, Jackson Hole, USA, Aug. 30 - Sep. 3, 1999, (CD-ROM) (1999).

15. Y. Morita, et al., "A Demonstration Test of 4-Group Partitioning Process with Real High-level
Liquid Waste", Proc. of the Int. Conf. ATALANTE2000, Avignon, France, Octr 24 - 26, 2000,
Paper No. P3-37 (available at http://www.cea.fr/conferences/atalante2000/index.htm) (2000).

16. Y. Morita, et al., "Diisodecylphosphoric Acid, DIDPA, as an Extractant for Transuranium
Elements", Proc of GLOBAL'95, Versailles, France, Sep. 11-14, 1995, p.1163 (1995).

17. Y. Morita, et al., "Separation of Neptunium from High-Level Waste by extraction with Diisodecyl
phosphoric Acid", T. Sekine Ed. "Solvent Extraction 1990", Proc. Int. Solvent Extraction Conf.
(ISEC'90), July 18-21, 1990, p.585, Elsevier, The Netherlands, (1992).

18. Y. Morita, et al., "Separation of Transuranic Elements from High-Level Waste by extraction with
Diisodecyl phosphoric Acid", Proc. of 3rd Int. Conf. on Nuclear Fuel Reprocessing and Waste
Management (RECOD'91), Sendai, Japan, April 14-18,1991, p.348 (1991).

- 3 0 -



JAERI-Conf 2005-007 JP0550422

3.4 Accomplishment of 10-year Research in NUCEF and Future Development
- Waste Disposal Safety Research -

Shinichi NAKAYAMA, Tadao TANAKA and Tetsuji YAMAGUCHI
Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

NUCEF, as a laboratory facility where macro amounts of nuclear materials and
transuranium elements are available for waste disposal research, has provided funda-
mental data concerning radionuclide migration for safety assessment of geologic dis-
posal of radioactive waste. A few of research topics on radionuclide migration and
engineered barrier materials are selected in this paper to summarize research activity
on radioactive waste disposal at NUCEF during the past ten years.

KEYWORDS: NUCEF, BECKY, high level waste, geologic disposal, safety assess-
ment, radionuclide migration, engineered barrier, anaerobic disposal conditions

1. Introduction
JAERI has developed safety assessment models for radioactive waste disposal. The assessments

are supported by state-of-the-art computer modeling and qualified input data. NUCEF has provided
data on chemistry and migratory behavior of radionuclides for disposal conditions. NUCEF is a Ja-
pan's unique laboratory facility where macro amounts of nuclear materials and transuranium elements
are available for waste disposal research. This facility is equipped with inert-gas glove box system
and analytical device, on which technical efforts toward data acquisition for well-defined anaerobic
conditions are based.

Japan's geological disposal of high-level radioactive waste was launched on in the year of 2000
according to the "Specified Radioactive Waste Final Disposal Act". Since far before this 2000-year
event, we have been doing experimental studies at NUCEF many years for the disposal of high-level
waste or long-lived waste including actinides. The year of 2001 is the beginning of a new project.
Since this year we have been totally funded by the regulation agency, Nuclear and Industrial Safety
Agency (NISA) of the Japanese Ministry of Economy, Trade and Industry. Our experimental studies
have been on going in accordance with the NISA report0.

Chemistry and migratory behavior of transuranium elements and long-lived fission products have
been one of main subjects since waste disposal research was initiated in NUCEF. For some hazardous
radionuclides, there is a paucity of reliable information on sorption on and diffusional mass transfer in
rocks and bentonite, and even a fundamental thermochemical property such as solubility and hydroly-
sis was not fully understood. Recent solubility measurements of selenium(Se) indicate that higher
concentrations of Se are anticipated in cement-contacting, alkaline groundwater than previous estima-
tions. Obtained thermodynamic data will be reviewed in the OECD/NEA Thermochemical DataBase
Project. Leaching of bituminized waste form under anaerobic conditions was studied to provide the
source term information for the safety assessment of geologic disposal of this TRU waste. The quan-
tity of radionuclides leached from lab-scale specimens of the simulated waste form was consistent
with theoretical prediction using known thermodynamic data. This result supported validity of cur-
rently available thermodynamic data for the chemically complex system: high ionic strength aqueous
solutions rich in NO27NH4+ and organics under anaerobic conditions. A long-term alteration of
bentonite buffer materials has been also studied using analytical device in NUCEF. The experimental
and modeling study will help predict a future variation of permeability of bentonite buffer materials.
These studies are introduced in more detail in this paper as our research activity achievement during
the past ten years.

Effects of organics and colloidal particles on radionuclide migration are also important research
subjects for the safety assessments of waste disposal. We have conducted an experimental and model-
ling study on these effects, although it is not presented in this paper.
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2. Waste Disposal Research
Our research activity at NUCEF is mainly experimental studies on radionuclide migration and en-

gineered barrier materials. Radionuclide migration studies are sorption, diffusion and solubility of
long-lived actinides and fission products. Anaerobic conditions of deep underground are of our par-
ticular interest. Thermodynamic data have been acquired. Studies on engineered barrier materials
include leaching behavior of bituminized TRU waste form, long-term alteration of bentonite buffer
materials, and development of a crystalline waste form for concentrated TRU liquid waste.

The Geochemistry Research Equipment for TRU Waste Elements has been installed in Back-end
Cycle Key Elements Research Facility (BECKY) of NUCEF. This equipment is designed to study
geochemical behavior of TRU waste elements and to acquire relevant data for the safety assessment of
the disposal of radioactive wastes. The equipment consists of inert-gas atmosphere glove box systems
and analytical instruments. The analytical instruments are ion chromatograph (IC), total organic car-
bon analyzer (TOC), high performance inductively coupled plasma - mass spectrometer (ICP-MS),
UV-vis-NIR spectrometer, thermogravimetry/differential thermal analyzer (TG/DTA), environmental
scanning electron microscope (ESEM), X-ray photoelectron spectroscopy (XPS), and Fourier trans-
form infrared spectrophotometer (FT-IR). The glove box systems and the analytical instruments are
described in more detail in a JAERI report2).

2.1 Radionuclide migration

2.1.1 Solubility of Se3) and thermodynamic data base
The maximum concentration of a radionuclide in groundwater is limited by the solubility of solid

containing the radionuclide, and the solubility is predicted by a combination of thermodynamic data.
Thermodynamic data for some important radionuclides are still questionable, erroneous or unknown
for specific disposal conditions. The specific conditions are like a high-pH environment as a result of
cement-water interactions, high nitrate content from process waste of spent nuclear fuel reprocessing,
and saline water in case of possible near-coast repository.

We investigated selenium, tin and neptunium. The data for these elements were very limited and
erroneous. One reason that the number of data is limited is that the experiment is difficult to perform;
the redox-state must be controlled, the pH and the CO2 concentration must be controlled, and it takes
long time to equilibrate. We measured the solubil-
ity of Se under reducing conditions (Fig. 1), and
found that the predicted concentration of Se may
be higher than the previous prediction, in particular,
in cement-contacting, alkaline groundwater.

OECD/NEA has the Thermochemical Data-
Base project. They have reviewed and estimated
data of important nuclides such as actinides and
long-lived fission products, and issued databases
on some selected elements. Our data on Se will be
reviewed and estimated by the OECD/NEA team.
We also have our own databases, JAERI database,
for a few elements and have published4>5). We
need quality-assured databases to understand our
experimental results and to predict radionuclide
migration in groundwater. Data are required, for
example, to construct pH-Eh diagram, the Pour-
baix Diagram, for speciation, and to interpret the
results of sorption experiments6^.

O
o.

CM

0)

-10

-12
Se(cr) + H+ +2e" = HSe-

-14;

-16!
4Se(cr) +2e- = Se4

2-

8 10 1 2 1 4

PH

Fig. 1 Dissolution of metallic selenium under
anaerobic conditions. The dominant reac-
tions controlling the selenium concentrations
and the obtained equilibrium constants are;

2.1.2 Sorption of actinides6)

Alkaline environments are likely to occur in
underground repositories due to cement-water in-
teractions. Under the alkaline environments, acti-

5<pH<8 : Se(cr) +2e" +H+ = HSe'
log Ki° = -6.5±0.5

10<pH<13 : 4Se(cr)+2e' = Se4
2'

logK2° = -16.8±0.5

- 3 2 -



JAERI-Conf 2005-007

nide elements are stable in anionic species,
and the mineral surfaces are negatively
charged. Sorption of radionuclides has been
extensively studied and it has been known
that sorption of the negatively charged acti-
nide species on the negatively charged min-
eral surfaces is not negligible.

A series of sorption experiments was
conducted to explore the relationship be-
tween the speciation of actinides and other
metals and sorption. As seen in Fig. 2, dis-
tribution coefficients, Kd, of Sn(IV), Pb(II)
and some actinides on Y-AI2O3 and S1O2 are
approximately proportional to the mole frac-
tion of electrically neutral species of the ions
with an exception on Am(III). The specia-
tion was calculated by using compiled data in
thermodynamic databases. This obtained
relation (Fig. 2), although empirical, enables
us to predict Kd values and to ensure consis-
tency of Kd data.

1000
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0.1

* : U(VI) on Y-A12O3

+ : Np(V) on Y-A12O3

#:Sn(IV)onY-AI2O3

~:Pb(II)onY-Al2O3

.. _ •:Np(IV)onY-Al203

ri:Np(IV)onSiO2

O: Th(IV) on SiO2

_ O: Am(III) oriSiO2

C

o
0

A

<f •

j

0.01

0.001
1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Xnou, fraction of electrically neutral aqueous species

Fig. 2 Distribution coefficients, Kd, of actinides,
tin and lead on silica and alumina

2.1.3 Diffusive mass transfer7'80

When long-lived radionuclides are transported by groundwater through fractures in the rock mass
surrounding a high-level radioactive waste repository, their diffusion into pores in the rock matrix and
ensuing sorption onto mineral surfaces are expected to retard their transport along the pathways. The-
re are needs to incorporate the retardation mechanism into performance assessment of geological dis-
posal in fractured rock.

We have characterized the pore structure of a typical Japanese biotite granite, Inada granite. The
porosity of Inada granite samples was determined to be (0.49±0.07)% by water saturation method,
which agreed with the value determined by mercury intrusion. The pore-size distribution of the gran-
ite was logarithmic normal with the modal diameter of 160 nm as shown in Fig. 3. The picture in Fig-
ure 3 is the SEM image of the polished surface of the granite sample. Pores of a few ten to a few hun-
dred nanometers wide were observed at the grain boundaries. This size is large enough to apply the
Fick's diffusion law to the diffusion of ions in the granite.

A positive correlation was observed between the effective diffusivity, De> in the granite and diffu-

0.12
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0.08

o 0.06

0.04

0.02

0.00

-

r
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Log pore diameter (m)
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Fig. 3 Pore size distribution obtained by mercury intrusion (left) and SEM image (right) for Inada granite.
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sivity in water, Dv (Fig. 4). The A?'s for most of
the studied species are proportional to Dv's as
usually assumed in interpreting the diffiisional
behavior of ions in rocks, but unexpectedly high
De values were obtained for Sr and Ba,
strongly-sorbing elements. The data for Sr have
been explained by supposing surface diffusion,
where adsorbed Sr ions are mobile in adsorbed
state.

2.2 Engineered barrier

-10

10

•=•«. io

>• -12
5 10

1

I
-13

10

Sr2 + ,
(Surface
diffusion)

Ba2+

(Surface
diffusion) •

Sr2+De for actinide
carbonate complexes-^

.# Ba2+

Pore
diffusion

HTO
I-, Cs +

, Co2+

I U02
2 +

-14
10 -10

10
-9

10
Diffusivity in water IX (m2 s"')

-8
10

Fig. 4 Correlation between effective diffu-
sivities of species in Inada granite and their
diffusivity in aqueous solution.

2.2.1 Alteration of bentonite buffer materials9"12*
A kind of clay called bentonite is used as the

buffer material to retard water intrusion and radi-
onuclide transport. Bentonite is naturally occur-
ring and very stable in the underground.

Highly alkaline environments induced by ce-
mentitious materials in radioactive waste reposi-
tories are likely to alter montmorillonite, the main
constituent of bentonite, and are likely to cause
the physical and/or chemical properties of the
buffer materials to deteriorate. We focus our ex-
perimental efforts on predicting long-term varia-
tions in hydraulic conductivity of the bentonite buffer material because the variations induce major
uncertainties in the radionuclide migration analysis. Unlike many previous studies where convention-
al mineral dissolution experiments are based, our interest is on compacted sand-bentonite mixtures
which are of more realistic configuration as the disposal condition.

The prediction (Fig. 5) requires mathematical models and a number of input parameters. Essential
parameters for our study are dissolution of montmorillonite and diffusivity of hydroxide ions. The
dissolution rate of montmorillonite and the diffusivity of hydroxide ions in compacted sand-bentonite
mixtures were experimentally determined and formulated. Dissolution of montmorillonite followed
the linear dependence on time under the employed experimental conditions of <2OH- (activity of hy-
droxide ions) of 0.04 to 0.57 and temperatures of 50 to 170°C. The dissolution rate, R* (Mg m'3 s'1),
was a function of aOu- and temperature, T (K), and expressed as /?A = 3.5(aOH-)'4exp(-51000//?J),
where R is the gas constant. The effective diffusivity, De (m

2 s"1), of hydroxide ions was found to be in
the order of 10"10 to 1O'U m2 s"1 at 10 to 90°C and expressed as De = 7.2x10"V 'exp(-18600/^7) where

Degradation exp.
Rate RA (OH", T)

log(OH-mol/l)

Permeability exp. &
literature review, k (M, I)

Coupled Mass
Transport/Chemical-

Reaction Analysis
quantity of

montmorillonite : M(x, t)

Evaluation of A- Oc. t)

Diffusion exp. of
Hydroxide ions, D (T)

Fig. 5 Prediction of long-term variations in hydraulic conductivity of compacted sand-bentonite mixtures.
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e is the porosity.
A PHREEQC-based, coupled mass-transport / chemical-reaction code (MC-BENT) was developed

for predicting hydraulic conductivity of the bentonite buffer by using the formulae. This code was
able to reproduce changes in concentrations of major species and montmorillonite contents observed
in the lab-scale experiments.

2.2.2 Leaching of TRU elements from bituminized radioactive waste13)

Radioactive bituminized, or asphalt, waste form will be returned from France after the spent fuel
reprocessing. The waste contains transuranium elements and will be disposed of into a deep under-
ground repository in Japan. How much of radionuclides will be released and when is source-term in-
formation for the safety assessment. The primary and direct purpose of this study was accordingly to
obtain the release rates of radionuclides from bituminized waste. Because this waste will go to a
geologic disposal, data for anaerobic conditions were needed, where redox-sensitive elements, Np and
Pu for example, show different property from that under the atmospheric conditions. The quantity of
radionuclides released from lab-scale specimens was consistent with calculated solubility values using
known thermodynamic data.

Bitumen is a lump of organic matters and quarter to half of its weight is occupied by soluble sodi-
um nitrate. The groundwater contacting this waste becomes very rich in organic matters and sodium
nitrate, and the nitrate ions are reduced to ammonium through nitride ions. For such a waste, our con-
cern was if currently available thermodynamic database are applicable to this chemically complex
system, that is, high ionic strength aqueous solutions rich in nitrite, ammonium and organic matters
under anaerobic conditions. This test showed that the release of radionuclides from bituminized waste
form is predictable by using current database.

2.2.3 .Development of YSZ waste form14)

One of our early studies on engineered barriers was development of ceramic waste form to solidify
TRU liquid waste. It was called yttria-stabilized zirconia (YSZ) waste form. The targeted waste was
a concentrated TRU waste that will be generated from NUCEF research activity in the future. This
waste form can incorporate trivalent element, Anm, and tetravalent element, An™, respectively as
Zro.76Yo.i3Anrao.iiOi.88 and Zro^Yo.nAn^o.iiOi^. A liter-size waste form was successfully fabricated.
It was shown that the waste element loading reaches 30 wt% for Anm and 60 wt% for An .

3. Future development of NUCEF

In the new agency that will be established in the autumn of 2005, NUCEF will function as a part of
a unified laboratory complex together with ENTRY and QUALITY facilities of the present Japan Nu-
clear Fuel Cycle Development Corporation. This complex will be a Japan's research center for radio-
active waste disposal, which covers a range of research and development from fundamental science
concerning the compacted and anaerobic conditions to dynamic mass transfer tests.
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3.5 Accomplishment of 10-year Research in NUCEF and Future Development
- Actinides Science Research -

Kazuo MINATO
Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

The research relevant to nuclear fuel cycle technologies has been made in
NUCEF. One of the main topics in 10-year research in NUCEF is that a new
experimental facility for high temperature chemistry of transuranium elements
(TRU), called TRU-HITEC, has been installed in NUCEF and is under operation.
TRU-HITEC consists of three alpha/gamma cells shielded by steel and
polyethylene and a glove box, where experimental apparatuses are equipped and a
high purity argon gas atmosphere is maintained. In TRU-HITEC, Am-241, Am-243,
Cm-244, Np-237, Pu, U and spent fuel can be handled. The research activities at
TRU-HITEC are the measurements of chemical and electrochemical behavior of
minor actinides (MA) in molten salts for the pyrochemical processes, and the
fabrication and property measurements of MA-bearing fuel. Besides the research at
TRU-HITEC, the non-destructive and destructive analyses of spent LWR fuels to
obtain basic data for the burnup credit, the chemical analyses of irradiated actinide
samples for evaluation of the capture and fission cross sections, and the research on
the rock-like oxide (ROX) fuel for Pu-burning in LWRs were successfully made.

KEYWORDS: Actinides, Americium, Curium, Fuel, Pyrochemical process, Spent
fuel, Chemical analysis

1. Introduction

The long-term hazard of radioactive wastes arising from nuclear energy production is a matter of
discussion and public concern. To reduce the radiotoxicity of the high-level waste and to use the
repository efficiently, recycling (or partitioning and transmutation) of minor actinides (MA: Np, Am,
Cm) as well as plutonium is an option for the future nuclear fuel cycle. For the development of nuclear
fuel cycle technology that would be applied to Pu- and MA-bearing fuels, it is very important to
understand and control the behavior of transuranium elements (TRU) in the nuclear fuel cycle.
However, the properties and behavior of TRU, especially Am and Cm, are not known very well. One
of the reasons why the data are lacking is that few facilities are available for the research on Am and
Cm in a controlled atmosphere in the world.

One of the main topics in 10-year research in NUCEF is that a new experimental facility for high
temperature chemistry of TRU, called TRU-HITEC, has been installed in NUCEF and is under
operation within a collaborative research program with the Japan Atomic Power Company, Tokyo
Electric Power Company and Tohoku Electric Power Company.

Besides the research at TRU-HITEC, the non-destructive and destructive analyses of spent LWR
fuels to obtain basic data for the burnup credit1*, the chemical analyses of irradiated actinide (U, Np,
Pu, Am, Cm) samples for evaluation of the capture and fission cross sections25, and the research on the
rock-like oxide (ROX) fuel for Pu-burning in LWRs3) were successfully made.

2. High Temperature Chemistry of TRU

2.1 Research Needs for MA-bearing Fuel

The objectives of the partitioning and transmutation of MA are to reduce the radiotoxicity of the
high-level waste and to use the repository efficiently. The radiotoxicity can be reduced by 2 orders, if
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99.5% transmutation is achieved. The time period to reduce the radiotoxicity below the level of natural
uranium used as raw material would be shortened from 50,000 y to 500 y. Reduction of the area of the
repository means that the repository could be used for a long period.

In the partitioning and transmutation of MA, MA is incinerated by fission in fast neutron spectrum
systems. For the dedicated system, such as accelerator-driven system (ADS), the fuel with high
concentration of MA would be used. For recycling of MA in FBR, the fuel containing a few percent of
MA would be used.

However, few data are available on the behavior of MA in the fuel fabrication and reprocessing. The
MA-bearing fuel properties and irradiation behavior are not known very well.

2.2 Characteristics of Transuranium Elements

From the viewpoint of the handling, MA-bearing fuel is quite different from LWR UO2 fuel due to
the neutron emission and the decay heat. Table 1 summarizes the characteristics of transuranium
isotopes. MA-bearing fuel has the high neutron emission and decay heat even in a fresh fuel, which
must influence the conventional fuel cycle technologies; fuel fabrication, transport, storage, and
reprocessing. For the facilities for fabrication of the flesh fuel, alpha-tightness, shielding for
gamma-ray and neutron are required.

Table 1 Characteristics of transuranium elements

Isotope

Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-243
Cm-242
Cm-243
Cm-244

Half life
(y)
2.14xlO6

87.7
2.41xlO4

6.54xlOJ

14.4
3.76xlO5

432.2
7.38xl03

0.446
28.5
18.11

Neutron emission*
(gV1)
0.90
3.6xlO4

96
UxlO 3

1.23
2.0X10"1

7.0xl03

5.4x10^
2.9xlO7

1.3xlO5

1.2xlO7

Decay heat
(Wg-1)
0.00002
0.56
0.002
0.007
0.004
0.0001
0.11
0.007
120
1.7
2.8

* Spontaneous fission and (a,n) reaction

Alpha-decay of the nuclides may influence the fuel behavior. The amount of helium production by
the alpha-decay in MA-bearing fuel is much larger than that in UO2 fuel and could be equivalent to the
amount of fission gas depending on the conditions. The self-irradiation damage caused by
alpha-particles would accumulate in the fuel even after the irradiation, which may lead to the swelling
of the fuel.

2.3 Experimental Facility TRU-HITEC

TRU-HITEC consists of three alpha/gamma cells shielded by steel and polyethylene and a glove
box shielded by acrylic resin. A high purity argon gas atmosphere is maintained in the cells and glove
box, where impurities of oxygen and moisture are O2 < 1 ppm and dew point < -70°C. Figure 1 shows
the front side of TRU-HITEC. The hot cells and glove box are connected with each other. Each cell is
equipped with a wide window made of leaded glass and acrylic resin and three master-slave
manipulators. At the rear of the cells, as shown in Fig. 2, windows and ports for gloves and suits are
arranged, which are usually hidden by movable shielding. When the radiation dose rate is low enough
to open the movable shielding, one can access the installed apparatuses by hands with the inner
atmosphere unchanged.
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Fig. 1 Experimental facility TRU-HITEC.

Fig. 2 The rear of the cell, where a window and ports for gloves and suits are arranged.

The experimental apparatuses are installed in the cells and glove box for pyrochemical process
studies and for fundamental property measurements: electrochemical cells, a cathode processor, an
oxygen potential measurement apparatus, an induction heating equipment, an infrared image furnace,
a differential thermal analyzer, a high-temperature X-ray diffractometer, etc. In TRU-HITEC, Am-241,
Am-243, Cm-244, Np-237, Pu, U and spent fuel can be handled.

2.4 Research Activities at TRU-HITEC

The research activities at TRU-HITEC are MA-bearing fuel fabrication technology development,
MA-bearing fuel property measurements, and pyrochemical process development for MA-bearing fuel
for a basis of the future nuclear fuel cycle technology including the partitioning and transmutation of
MA.

In the MA-bearing fuel fabrication technology development, AmN was prepared from AmO2 by the
carbothermic reduction method, and AmO2 pellets were prepared for property measurements. For the
MA-bearing fuel property measurements, high temperature X-ray diffractometry of Am oxide and
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nitride were performed to obtain phase relations and lattice parameters as a function of temperature.
The self-irradiation damage of MA-bearing fuel was studied by the expansion of the lattice parameters
and bulk volume changes. The oxygen potential of Am oxide was measured. In the pyrochemical
process development for MA-bearing fuel, chemical and electrochemical behavior of MA in molten
salts is studied. The pyrochemical process is based on molten-salts technology. For the experiments on
the Am behavior in pyrochemical process, AmCb was prepared.

For the experimental material at TRU-HITEC, Am-241 was recovered from the americium aqueous
waste in NUCEF and supplied as the oxide form to the experiments.

3. Other Research Activities

3.1 Chemical Analysis of Spent Fuel

Technological development on burnup credit for spent LWR fuels had been performed^. The main
purposes were to obtain the experimental data on isotopic compositions of the spent fuels and to verify
burnup and criticality calculation codes. The non-destructive gamma-ray measurement of the spent
fuel rods for evaluating axial burnup profiles was made, and the destructive analyses of the spent fuel
samples to determine precise burnup and isotopic compositions were carried out. The measured data
obtained were used to validate the calculation codes as well as an examination of criticality safety
analyses.

To evaluate neutron cross-section data of MA, the actinide samples irradiated in the Dounreay
Prototype Fast Reactor were chemically analyzed2). The neutron flux distribution and the flux level
were adjusted at the locations where MA samples were irradiared. The burnup calculations were
carried out for MA using the determined flux distribution and flux level. The calculated results were
compared with the experimental data to validate MA cross-section data in evaluated nuclear data
libraries.

3.2 Research on Rock-like Oxide Fuel for Pu-burning in LWRs

For a profitable use of Pu, the research on rock-like oxide fuel for Pu-burning in LWRs was made3).
The concept consist of stable rock-like oxide (ROX) fuel fabrication in conventional fuel facilities
followed by almost complete Pu burning in LWR safely, and disposal of chemically stable spent fuels
without further processing. Because leach rates of hazardous nuclides, such as TRU and beta-emitters,
that have long half-lives, are very important for the evaluation of the geological safety, leaching tests
in deionized water at 363 K were performed. The ROX fuel showed better performance than the glass
waste form.

4. Summary

The research relevant to nuclear fuel cycle technologies has been made in NUCEF. One of the main
topics in 10-year research in NUCEF is that a new experimental facility for high temperature
chemistry of TRU, called TRU-HITEC, has been installed in NUCEF and is under operation.
TRU-HITEC consists of three alpha/gamma cells and a glove box, where experimental apparatuses are
equipped and a high purity argon gas atmosphere is maintained. The research activities at
TRU-HITEC are the MA-bearing fuel fabrication technology development, the MA-bearing fuel
property measurements, and the MA behavior in pyrochemical process. Besides the research activities
at TRU-HITEC, the chemical analyses of the spent fuels and the research on the rock-like oxide fuel
for Pu-burning in LWRs were successfully made.
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Safety Attributes for Future Fuel Cycles

Lothar KOCH
Research Advisor to CRIEPI

Former Division Head of nuclear chemistry, Institute for Transuranium Elements

Electricity generated by nuclear power plants is comparatively cheap and does not contribute to the

green house effect. Nevertheless, are these advantages out weight by the public concern about the

safety issues: radiotoxicity released to the environment and proliferation of nuclear weapons.

When earlier the concern was more about the misuse of nuclear technology for military purposes, it

is nowadays directed towards the theft of weapon useable material by sub-national groups such as

terrorists. As the public sees it, the spread of radiotoxicity is the major nuclear hazard - by accidental

release or migration of radiotoxic material out of nuclear waste repositories.

There are three main nuclear fuel strategies: thermal reactors with open fuel cycle and the two

closed cycles with breeding of Pu or U-233.

This paper focuses on the transition from LWR to FBR economy, as it is also under consideration in

Japan. Not considering reactor safety the paper will concentrate on the inherent safety attributes of a

future sustainable nuclear fuel technology as being developed by CRIEPI.

The advantages of the pyro-chemical process-as being studied by CRIEPI - will be emphasized.

The composition of all the intermediate products makes it unusable for nuclear explosives, which

follows from the presence of Cm. and residual fission products. As will be shown, the neutron

background of the products will lead to a preignition and, when reprocessed in due time - to a

degradation of the detonators. The external radiation and the radiotoxicity of the material will deter

anyone of handling the material with out proper biological shielding. If a P&T scheme is applied, it

could reduce the release of long living radio toxicity about 100 times. An approach is described for

fissile material tracking for criticality control in a pyro-processing plant with fuel make-up of CRIEPI

design, which is identical with a near real time accountancy for fissile material safeguards. Because of

the batch-type operation with direct electrorefining, a representative sampling of the chopped spent

fuel is not possible. Therefore the fissile material input to the electrorefiner is measured by the

so-called gravimetric method, where the nuclide abundance follows from fission gas isotope

correlations.
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SAFETY ATTRIBUTES OF
FUTURE FUEL CYCLES

LotharKOCH
Research Advisor to CRIEPI

The advantage of low cost and
no contribution to the greenhouse

effect
is out weight

by the public concern about safety

- 4 6 -



JAERI-Conf 2005-007

Safety Issues

Reactor Safety • Accidental release of
Radiotoxicity

Fuel Cycle Safety » Migration of Long
Living Radiotoxicity
out of Repositories

• Nonproliferation

Proliferation

•Spread of knowledge

•Export of sensitive technology

•Diversion or theft of weapon usuable fissile
material
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U - 235 fissile - open fuel cycle strategy

U - 238 fertile - closed fuel cycle strategy with
symbiotic LWR-FBR

Th - 232 fertile - closed fuel cycle strategy Th -U-
with hybrid U - 235 or Th - Pu fuels

Safety attributes of presently proposed
fuel cycle concepts

LWR

Open cycle
direct disposal

U-235 enrichm.

„ Pu-mine"
MA disposal

Large

Repositories and

mill tailings

LWR

Closed cycle

with MOX

U-235 enrichm.

PUREX

Less Pu-239
MA disposal

Less

Repositories and

mill tailings

FBR

with Pu MOX

PUREX

MA disposal

Least

repositories and

mill tailings
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Is there a sustainable future fuel cycle
with:

• less disposal of radiotoxic and heat producing
minor actinides?

• not using ,,sensitive" technologies?

• no nuclear material for direct use of nuclear
explosives production?

Pyrochemical process
Spent fuel

Chopping Naftenoval

U o n d P u edond«*
Umefal Evoporwion
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bO-tfl

Electrorcflninj

Zeolite column
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Measures

•Institutional

•Engineered barriers

•inherent

Inherent safety attributes of the
pyrochemical process

•Simultaneous deposition of a mixture of TU
elements

•Incomplete separation of TU mixture from fission
products (DF ca. 20 for Ln

•Radiation resistance to process short-cooled fuels

•Impossibility to introduce an aqueous process
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Radiation
type
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Inherent Proliferation Barriers
•Lethal dose by external radiation of KG size
masses
•Fatal dose by incorporation of radiotoxic
material
•Requires biological shielding
•Heat production to degrade detonators and
to distort sphere shape (about 200 W per
device)
•High neutron background to initiate
preignition (more than 100 neutrons in a
microsecond per device)

Transition of LWR to FBR
with P&T

U-235 enrichment and
PUREX (for Pu recovery)

is replaced by

pyrochemical processing
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Concepts for placing a
pyro-processing plant

•Integral Fast Reactor IFR Pyroprocessing and
reactor are integrated in one building

• On-site reprocessing One Pyroprocessing plant
serves a reactor park All reactors and the plant
are physically integrated in one building complex

• Central pyroprocessing of distant reactors. A
huge plant reprocesses spent fuels from a fast
reactor economy

Advantages of an on-site
pyroprocessing

•There is no shipment of the spent fuel

•Bred Pu in excess will be transported to new
plants only in form of fuel assemblies

•The building is easy to safeguard by containment
& surveillance measures

•Blanket and driver fuel are processed together
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Disadvantages of a central reprocessing
plant

•Transport from distant power plants through
public areas Fuel has to be cooled before transport
for several years

• At the head-end the shipper-receiver difference
has to be determined

• Produced fresh fuel is less proliferation resistant
because of prior cooling

Applicable institutional measures

•C&S comprising the reactor with
integrated pyroprocessing plant

•NRT accountancy

•Verification of process layout
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G&S

m
C&SC8S,T<M\

Material balance zones of a pyro-processing plant
input: gravimetric analysis with fission gas isotpe
correlations
An in process: weight and and IDA (1CP - MS)
An in waste: NCC and/or active n interrogation

Spent Fuel
Storage

Disassembly of i
Fuel Element P

Assembly
Hardware

Waste

Anode
Baskets

Fuel Pin
Chopper

Pin Plenum
Fission Gases

Waste

Fig. 2.2: Chopping of Disassembled Fuel Elements
(EC = Element Chopper, ER = Electrorefiner)

U 9.8 kg

Pu 1.5 kg
Anode

Baskets, AB
with Chopped

Fuel
• •

12 baskei

Na-Bond
volatiles

Waste

I 2.3
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CONCLUSION

The presented pyro-chemical process
has the potential to meet public
concern about proliferation resistance
and long term waste disposal
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5.1 Effects of Colloids and Microorganisms
on Radionuclide Migration in Fractured Rock

Susumu KUROSAWA1*, Mikazu YUI1 and Hideki YOSHIKAWA1

'Tokai Works, Japan Nuclear Cycle Development Institute, Tokai-mura, Ibaraki 319-1194, Japan

The in-situ experiment on the colloids and radionuclide retardation (CRR
experiment) in the Grimsel Test Site in Switzerland was performed, as the
international research program managed by NAGRA, Switzerland. This paper
presents the modeling results of the CRR experiment by numerical code
COLFRAC which describes colloid-facilitated solute transport in fractured media.
Moreover, we estimated effects of microorganism as a colloid on radionuclide
migration by using the COLFRAC code. The results indicated that the migration
of radionuclide is enhanced when radionuclide is captured in the microorganism,
and the migration of radionuclide significantly depends on concentration of
microbes.

KEYWORDS: High Level Radioactive Waste, Geological Disposal, Radionuclide
Migration, Colloid, Microorganism, Model

1. Introduction

For the geological disposal of high-level radioactive waste (HLW), it is known that the actinide ion
which is released from the HLW generates true-colloids with hydrolysis reaction, and forms pseudo-
colloids by sorption reaction onto the colloids in the groundwater. Recently, it is reported that the
radionuclide migration in groundwater is enhanced by transport behavior of colloids compared with
the transport behavior of the solute1>2). The in-situ experiment on the colloids and radionuclide
retardation (CRR experiment) in the Grimsel test site in Switzerland was performed by the
collaboration among NAGRA (Switzerland), ENRESA (Spain), ANDRA (France), FZK-INE
(Germany), USDOE/SNL (U.S.A) and JNC (Japan), the possibility of the radionuclide migration
enhancement by the effect of the colloids was indicated3"65. In this work, the effects of colloids on
the radionuclide migration were estimated by numerical code COLFRAC, based on the CRR
experimental results. The COLFRAC code describes colloid-facilitated solute transport in fractured
media. The code allows for either equilibrium or kinetic sorption onto colloidal particles7'85.
Moreover, we quantitatively estimated effects of microorganism as a colloid on radionuclide migration
by using the COLFRAC code. This paper presents the modeling studies on the effects of colloids
and microorganisms on radionuclide migration for the performance assessment of HLW geological
disposal.

2. Overview of CRR experiment3"65

Figure 1 shows the layout for the CRR experiment. A flow field was established between two
boreholes with a linear separation distance of 2.23 m. NAGRA has characterised the shear zone as
a reactivated mylonite in weakly foliated granodiorite. The rock is brittle and a heavily brecciated
shear zone extends around it for up to 30 cm. Within the shear zone, water flow is concentrated in
up to six channels, each 0.1 to 4 mm wide, which are predominantly situated in mylonite (porosity
0.1 to 0.4 %). General bulk hydraulic conductivity values of 10"9 to 10"10 m/s for the shear zone and

Corresponding auflicn; TeL +81-29-287-3695, Fax. +81-29-282-9295, E-mail: kurosawa5usumu@nc.g0.jp
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10"11 to 10~12 m/s for the rock matrix are reported.
The dipole flow field for tracer run was established between an injection borehole (10 ml/min) and

an extraction borehole (150 ml/min). In the CRR experiments, tracer injection was performed with
131I 85 Xi2 238 a 7 238242 2431I,

( )
Sr, Xi2rYh, 238U, a 7Np, 238-242Pu, and 243Am. The injection cocktail was prepared by adding

radionuclides to Grimsel groundwater (GGW) under anoxic conditions (in argon glove box with
oxygen < 1 ppm). The cocktail of 100 ml was injected into the test shear zone. The solubility of
the radionuclides in GGW was measured during the feasibility phase of the experiment and their
concentrations were confirmed less than solubility limits.

Radionuclide breakthrough curves for tracer run are plotted as functions of a elution time in
Figures 2. Figure 2 shows that the peak maxima for Am, Pu, and Th arrive earlier than that of the
conservative non-sorbing tracer, 131I. The results imply that a fraction of these actinides forms
homogeneous or heterogeneous radiocolloids or that they are effectd by natural GGW colloids.

•*— Radionuclides, Colloid
) "" "* Packer

. Flow field in shear zom
\ 150 ml/min

x-^-^l'O ml/min-^.

Dipole flow fields

Extractio:
Injectio;

v

2.23 m

Fig.l Outline of CRR experiment3"^.

Fracture

101 102 105

Fig.2

103 104

Time, min

Breakthrough curves of radionuclides in CRR experiment3"^.

3. Model Analysis of CRR experiment

3.1 Numerical Model

The results of the CRR experiment, as shown in Figure 2, were analyzed by using a numerical code
COLFRAC7>8). The COLFRAC code describes radionuclide migration with colloids and the matrix
diffusion in fractures. In COLFRAC, the sorption reaction for radionuclides onto colloids is
described by either an equilibrium or a kinetic reaction. An equilibrium Henry's reaction formula is
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used:

, ' (1)
where Kdm (m /kg) is the distribution coefficients for mobile colloids. For a kinetic Henry's reaction,

dSm = Vm{KdmxCf-Sm)
dt ' " ' (2)

where pm (kg/m3/hr) is the backward kinetic rate constant for mobile colloids. In COLFRAC, (2) is
rewritten as:

~\, in J ' ftl ffl

where am=^tJCdm (hr"1) is the forward kinetic reaction rate for mobile colloids.

3.2 Numerical Results and Discussion

(3)

In this work, the experimental result for transport of Am was analyzed by using the COLFRAC code.
Initially, it was assumed that Am transport was only affected by sorption onto fracture surfaces.
However, when performing scoping runs to fit COLFRAC model results to the experimental data, it
was determined that no reasonable fit could be obtained for either equilibrium or kinetic sorption
reactions. Thus, it was hypothesized that there must be some effects on Am transport from naturally
occurring GGW colloids.

Natural colloid concentration in GGW is measured to be 0.1 mg/l3>4). To investigate radiocolloid
formation in GGW, a blank batch test was performed. Figure 3 shows the concentration of Am in
GGW for both ultra-centrifuged and non-centrifuged samples5). Clearly, Am is shown to be sorbed
onto the natural colloids present in GGW. Figure 4 shows the change in sorbed Am onto GGW
colloids as well as the kinetic rate constant, which was estimated by fitting Eq.(4) to the experimental
measurements, K,=l .2* 105 hr"1 9).

we
— = Ks(KdxC-S)
dt

(4)

where S (kg/kg) is the mass of the radionuclide sorbed onto colloids and C (kg/m3) is the
time-dependent concentration of the radionuclide in solution.

Thus, the transport of Am was modeled to include the effects of both equilibrium and kinetic
reactions with natural colloids. Based on the data shown Figure 3, the distribution coefficient of Am
onto natural colloids in GGW has a value of Kd= 6.4x105 m3/kg. From the data shown in Figure 4

s \ ^ 1 1 3with K,=\.2xl0shr~\ the kinetic reaction parameters are c t^ l
were obtained from Eq.(3)9).

and pV^
g

"1 kg/m3/hr,

C0=1.3xl0-9mol/l

Non-centrifuged

Ultra-centrifuged

- i i | i | i | i | i | i ] i [•

0 50 100 150 200 250 300 350
Time, hr

Fig.3 Concentration of Am as a function time in GGW, ultra-centrifuged and non-centrifuged5).
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I 3 - 5

^ 3.0
o

x 2.5< ,

•3 2.0

|

I 0.5

0.C

• Exp. data
— Fitted data from Eq.(4)

(Ks=1 .2x l0 5 hr 1 )

0 100 200 300 400
Time, hr

Fig.4 The sorption kinetics of Am onto natural colloid in GGW9^

As shown in Figure 5, model results for Am transport without colloids (blue curve), its transport in
the presence of natural GGW colloids with equilibrium (green curve) and kinetic (red curve) sorption
reactions do not satisfactorily agree with the experimental data. Therefore, the effects of
hydrodynamic chromatography (HDC) on colloid transport were considered in the modeling. The
HDC causes colloids to travel slightly faster than the average flow rate because double-layer and
van der Waals forces exclude them from the slowest moving portion of the velocity profile nearest the
fracture surfaces10). Then, the HDC effects cause a colloid transport to exceed the average
groundwater flow velocity and in this work the velocity of the natural colloids was set equal to 1.4
times higher than the average groundwater flow rate, to best match the experimental data. As shown
in Figure 5, model results that include kinetic reaction of Am with natural GGW colloids, and the
HDC effect (black curve), closely match experimental results.

u

101 102 103

Time, min
104

—Calculated result of 243Am without colloid
—243Am-GWC sorption reaction: equilibrium
—243Am-GWC sorption reaction: kinetics
—Consideration hydrodynamic chromatography of GWC

GWC: groundwater colloid

Fig.5 COLFRAC results compared with CRR experimental data for Am9).
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4. Effect of Microorganisms on Radionuclide Migration
The effects of microorganism, regarded as a colloid, on radionuclide migration were estimated by

using the COLFRAC code to evaluate quantitatively. We have also used COLFRAC code to know
whether the behavior of the microorganism can be analyzed as a colloid. Table 1 shows a possibility
of calculation on microorganism effect by COLFRAC code. The COLFRAC code can analyze the
effect of bio-colloids formation by considering the radionuclide sorption onto microorganism.

Table 1 Possibility of calculation on microorganism effect by COLFRAC code.
Process Possibility of calculation
Effect of groundwater chemistry

• change in pH
- acid generation
- generation of complex generation

• formation of chelate compound
- generation of chelating agent

• oxidation-reduction reaction
- consumption of oxygen x

- oxidation-reduction reaction in the environment
- reduction of radionuclide

Formation of bio-colloid
• radionuclide sorption onto microorganism

Formation of bio-film
• cover of surface mineral by microorganism
• radionuclide sorption on bio-film

A

Therefore, the Kd value for radionuclide sorbed onto microorganism was investigated to analyze the
effect of bio-colloid formation. We found the Kd value for uranium sorbed onto the microorganism
by the literature. In this work, the Kd value is given to 10 m3/kg to analyze the effect of bio-colloids
formation by sorption of radionuclide onto microorganism based on laboratory data1'I The biomass
in groundwater is also given 20mg/l by Kurosawa et al.12), and then the effect of biomass on the
radionuclide migration was analyzed sensitively in this work. Other geometry parameters for
analysis using COLFRAC code were given based on the HI2 report for the geological disposal of
HLW13). The calculated results show in Figure 6. It is indicated that the migration of radionuclide
is enhanced, when radionuclide is captured in the microorganism. The results also indicated that the
migration of radionuclide significantly depends on concentration of microbes.

U° 1.2
O
<S 1.0

1 80

1 60

I 4.0
S. 2.0
o

3 o.o

biomass; 2.0 xl03mg/l

V
/biomass; 2.0 x 102 mg/L, ^ '

/ //y'biomass; 2.0 x 101 mg/1

10° 104 105102 103

Time, year

Fig.6 Effects of microorganism on radionuclide migration12).
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5. Conclusion
In this work, the results of the in-situ experiment on the colloids and radionuclide retardation (CRR

experiment) were modeled by using numerical code COLFRAC which describes colloid-facilitated
solute transport in fractured media. Moreover, we estimated effects of microorganism as a colloid on
radionuclide migration by using the COLFRAC code. The conclusions of this work are summarized
as follows:

The results of the CRR experiment show that the transport of the actinide with the colloid was
different from the transport behavior of the solute. The effect of radionuclides sorption kinetics onto
colloid on the transport behavior was interpreted through the modeling of CRR experiment by
numerical code COLFRAC. The modeling results indicated that the consideration of the kinetic
sorption process is significant. Furthermore, the calculation for the effect of microorganism on
radionuclide migration in fractured has exemplified and shows that the quantitative analysis is needed
as one of the future problems.
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5.2 Influence of Natural Organic Acids on the Interactions
between Colloids and Radionuclides

Takashi Toraishi

Department of Quantum Engineering and Systems Science, School of Engineering, The University of

Tokyo, 7-3-1 Hongo, Bunkyo-ku, 113-8656 Tokyo, Japan.

Coordination geometry of An(IV) or Ln(III) - organic ligands that contain OH" and COO"

functional groups were investigated by means of potentiometry, NMR and EXAFS. The

chemistry of the reactions is important in nuclear waste management because these ligands,

mainly humic and fulvic acids (HA/FA), occur in nature as a result of microbiological

degradation of organic material, and strongly stimulate the sorption of the radionuclide to

the colloids. In the present work, the formation of ternary metal-OH-ligand type

poly-nuclear species was firstly confirmed, and the mechanism of the complex formation

reaction was extensively discussed.

KEYWORDS: An(IV), Ln(III), poly-nuclear complex, potentiometry, NMR, EXAFS

1. Introduction

Some nuclei in the waste have extremely long half-life15 compared to the life of the artificial barriers

such as metal canisters or overpack, and they may be released to the underground water system with

keeping their toxicity in the long run. Once they reach to the underground water flow, their mobility is

drastically increased, and the radioactive nuclei may reach to our biosphere. Hence, one has to

understand their transportation phenomena in the ground water system in order to make a reliable

safety assessment. It is generally thought that two strong chemical reactions dominate the chemical

behavior of the nuclei in the underground water system: One is the interaction with organic or

inorganic colloid, and the other is the complex formation reaction with dissolved natural organic

matters (NOMs) such as small dissolved organic acids or humic acid and fulvic acid (HA/FA)2).

Particularly the latter play a very important role in the safety assessment because it strongly stimulates

the sorption of the radionuclide to the colloids. Hence, simple model ligands that contain OH" and

COO" functional groups have been chosen in order to understand some aspects of the coordination

chemistry of these ligands. By using small ligands it becomes possible to obtain precise information

on the coordination properties, which gives us guidance when discussing the coordination chemistry of

HA/FA. Two different model ligands have been used, glycolate (Glyc; HOCH2COO"), which is the

simplest a-hydroxy-carboxylate ligand, and a model for ligands with carboxylate and aliphatic OH as

functional groups, the other is 5-sulfosalicylate (SSA) that contains a carboxylate and an aromatic OH.

5-sulfosalicylate was used instead of the simpler salicylate because of its higher solubility particularly

in relatively high ionic medium condition {e.g. 1 M Na*). The sulfonate group in SSA does not

coordinate to the metal, thus one can investigate the complex formation reaction, which takes place

only via the OH and COOH groups. There is a large difference between the pK values between

aliphatic and aromatic OH-groups, pK is 15 - 17 for the former and 11 - 12 for the latter. In addition
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the geometry of the ligands and their sizes are quite different, a fact that might impose different

geometrical constraints and therefore different stoichiometry and coordination geometry in their

complexes. Geometric constraints are expected to be very important in polynuclear complexes and in

complexes where several ligands are coordinated.

The procedure taken in the present study is the determination of the stoichiometry and stability

constants in the ternary M-hydroxide-chelating ligand system, where M=Th(IV), Ln(III), and the

structure and bonding in these complexes. The complex formation reactions have been studied using

standard potentiometric techniques (vide infra) to investigate reactions of the type

/?M(aq) + rA 2 MpHyV, + qVC, (1)

where M°+ is Th4+ or Ln3+ and A is glycolate or 5-sulfosalicylate denoted as Glyc' or SSA3' in this

study respectively. Note that the former notation stands for HOCH2COO" which only carboxyl group

are deprotonated, while the latter denotes 5-sulfosalicylate which both carboxyl and phenolic groups

are deprotonated. From standard potentiometric titrations, it is not possible to decide if the species

MpH^Ar (in the following charges will often be omitted for clarity) are formed by proton dissociation

from coordinated water or chelating reaction. This information must be obtained using other methods,

in the present study !H- or 13C NMR spectroscopy. The structure and bonding in the complexes were

discussed from EXAFS spectra, 19F-NMR spectroscopy or fluoride probe method.

2. Experimental

In standard potentiometric titrations, all EMF (ElectroMotive Force) measurements were made in a

thermostatted box at 298 ± 0.05 K using an automatic titration system. The glass and reference

(Ag/AgCl) electrodes were from Metrohm. The electrode slope was calibrated by an acid-base

titration; Eo was determined after each titration using the Gran-method3) by the titration of 3 M (Glyc

system) or 1M (SSA system) NaClO4 against 0.1 M HC1O4. The details of the experimental conditions

were omitted from short of space. 13C-NMR spectra were used for glycolate system because of

clearlity of the spectra. The NMR spectra provide information on the amount of coordinated ligand, its

mode of bonding and rate of exchange. The I3C-NMR spectra were recorded on a Bruker DMX500

spectrometer on a triple channel (*H, 13C, 15N) 10 mm probe head at T=275 K, in general using 10%

D2O solutions to get locked mode. Inverse gated proton decoupling was used to avoid Nuclear

Overhauser Effect (NOE) with a relaxation delay of 10 s to serve quantitative spectra. 'H-NMR

spectra were used for 5-sulfosalicylate instead of 13C-NMR. The 'H-NMR spectra were recorded in

D2O on a Bruker DMX500 spectrometer using 5 mm tube. The EXAFS measurement was performed

only or the Th-glycolate system at pH=10.8, where the tetra-nuclear complex Th^OCIfcCOOMOH^4"

is predominant (vide infra).

3. Results and Discussion

All complexes refined by the several potentiometric titrations were given in Table 1.4) Concerning Th

- Glycolate system, The mononuclear complexes Th(Glyc)n**; n=l-4 are determined as the

predominant species in low -logtH*] region (no figure is shown). The binary hydrolysis species
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Table 1. Identified complexes, their constitutions and corresponding stability constants

Glycolate system

The composition

Th(OHCH2COO)n; w-1-4
Th(OH)4(OHCH2COOy

Th2(OCH2COO)2(OHCH2COO)4

Th4(OCH2COO)6(OHCH2COO)2
Th^OCH.COO^

Th2(OCH2COO)8(OHCH2COO)(OH)

Th4(OCH2COO)8(OHCH2COO)2(OH)2

Th4(OCH2COO)8(OHCH2COO)3(OH)3

Th4(OCH2COO)8(OHCH2COO)3(OH)4

Th4(OCH2COO)8(OHCH2COO)4(OH)5

The composition
M2(OCH2COO)2(OHCH2COO)4

M4(OCH2COO)6(OHCH2COO)2
2-

M4(OCH2COO)7(OHCH2COO)i3-
M8(OCH2COO)8

4-

Th(IV) system

log/W
Ref.4

6.89 ± 0.07
15.7 ±0.19
21.6 ±0.15
8.63 ±0.14

2.03 ± 0.11*1

-5.97 ± 0.11'1

-14.8±0.10M

-24.8 ±0.33*'
-36.0 ± 0.33*1

Ln(III) system

Sm Eu
-1.83 -0.34
-19.5 -16.1
-28.5 -25.4

*2 -35.1

SSA system

The composition

ThHSSA2+

Th(SSA)+

Th(SSA)22-
ThzCOH^CSSA)^

Th4(OH)4(SSA)10
18'

log^,r
Dy Er
0.01 0.53

-15.1 -13.8
-24.2 -22.6
-34.0 -32.3

*1: This complex may contain additional coordinated HOCH2COO; the number

15
13,

.47 ±0.17

.38 ±0.14
23.34 ±0.11
37,
86

is

.70 ± 0.33

.88 ±0.51

Lu
1.20

-12.0
-21.0
-30.2

uncertain
because of the error in R. *2: The model could not be introduced. *3: The data of CgiyCi/0, = 1 M
was used.

Th2(OH)2
6+ is present in significant concentration in the test solutions and its equilibrium constant

logy&,.2 = -4.96 ± 0.43 could therefore be determined. Note the uncertainty in the equilibrium constants

is always given at the 3a level. Additional and more precise information on the stoichiometry of the

ternary complexes were obtained from the titrations at high total concentrations at QUtot = 1 M for

thorium system and various lanthanides system respectively. The predominant species are tetra-nuclear

at -logfir1] > 6. At lower -logfH*], one mononuclear and one bi-nuclear complex is formed, "ThH_i"

and "Th2H.2", respectively. Also for various lanthanides case, bi- and tetra-nuclear complexes were

identified in large excess of glycolate condition. The final results are shown in Table 1.

It is not straightforward to decide if the proton dissociation takes place from coordinated water or

chelating ligand. The potentiometric data alone are not sufficient, however by using the !H- and
13C-NMR data the desired information can be extracted. Concerning glycolate system, the spectra and

the distribution diagrams for the NMR test solutions (C-n,=50 mM, and Cgiyc=l M) are shown in

Figures 1 for Th system as an example. For the Th(IV) glycolate system at -logfH*] = 4.5, we could

not identify separate peaks for the complex and the free ligand, there was one single peak in alkyl

carbon region. This indicates a rapid exchange between free and coordinated glycolate in this test

solution where Th(Glyc)4(aq) and Th(Glyc)4(OH)" are predominating, and with Th2(OCH-

2COO)2(OHCH2COO)4 as a minor component. Szab6 et al.5) reported the same kind of fast exchange

between the free ligand and the carboxylate-coordinated ligand in the U(VI)-glycolate system. Hence
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Figure 1. 13C-NMR spectra of the Th-glycolate
system at different -logfttj in alkyl carbon
region at 275 K. The total concentrations ofTh
and glycolate were 50 mM and 1.00 M,
respectively. The separate peaks belong to the
chelating ligand in the bi- and tetra-nuclear
complexes, and the number is calculated from
the peak integral values. [Reprint from Ref.6].

Figure 2. EXAFS spectra of the ternary Th(IV)
- OH - glycolate complex. The black line shows
the experimental data, while the dotted line is
the fitting result. The spectra showed the
presence of a single Th-Th distance at 3.97 A,
and two Th-O distances at 2.32 and 2.43 A
respectively, indicating that "M+H^" of the
present study has a cubane-like structure with a
"Th4(OCH2COO)4" core structure. [Reprint

from Ref.6]

it can safely be concluded that the species Th(Glyc)4(aq) and ThGlyc4(OH)" involve only carboxylate-

coordinated ligands. At -log[H+]=5.5 and 6.5, where the tetra-nuclear complexes Th^OCH-

2COO)6(OHCH2COO)2 and Th4(OCH2COO)g predominate, we observe two separate narrow peaks with

a ratio of approximately 1:1 from coordinated glycolate, cf Figure I,6* indicating two non-equivalent

coordinated ligands in the tetranuclear complex that are in slow exchange with one another and with

free glycolate. From the procedure of this type, we determined the number of the chelating ligands.

The EXAFS spectra showed the presence of a single Th-Th distance at 3.97 A, and two Th-0

distances at 2.32 and 2.43 A respectively (cf. Figure 26)). There are approximately three of the shorter

Th-0 distances and six of the longer. There is a third shell at 3.36 A, presumably a Th - C distance.

All these distances are close to those found in the solid compounds

M2(OCH2COO)2(HOCH2COO)2.4H2O, M= Dy, Er, that contain bridging oxoacetate ligands7l8). These

facts indicate that the "MtH^" of the present study has a cubane-like structure with a

"Th4(OCH2COO)4" core. The NMR data show that all these species contain between 6 and 8

coordinated oxoacetates (corresponding to the release of 6 to 8 protons), hence there are not enough

coordinated hydroxide to form a "M^OHy'-core. The EXAFS data are also consistent with a structure

that contains bridging oxoacetate ligands. Same analytical procedure was taken for

Th(IV)-5-sulfosalicylate system, and found that it takes the coordination geometry of

Th4(OH)4(SSA)io18" where all hydroxide ions are bridging.9)
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4. Summary

In glycolate system, both thorium and lanthanides form ternary bi- and tetra-nuclear complexes in

neutral - high pH region. Particularly in thorium - glycolate system, homo-nuclear (tetra-nuclear)

complexes are formed with increasing pH from 6.5 to 10.0. Comparing Th - glycolate system and Th

- salicylate system, we found that both aromatic ligand form similar bi- and tetra-nuclear complexes

as aliphatic ligand system. As discussed above, pronounced difference between aliphatic and aromatic

ligand system was found in their complexation reaction. The bi- and tetra-nuclear Th - glycolate

complexes, Th2(OCH2COO)6(HOCH2COO)26" and Th4(OCH2COO)8, do not involve any hydroxide;

additional hydroxide appears only in high pH region. On the other hand, No multi-nuclear complex

can exist without hydroxide for Th - 5-sulfosalicylate system. Further study using EXAFS and

fluoride prove technique made this difference clear from the coordination chemistry point of view. In

multi-nuclear Th - glycolate complexes, chelating ligands act as bridging donor atoms between Th -

Th, meanwhile hydroxides play this role in Th - 5-sulfosalicylate system. The tetra-nuclear complexes

form "cubane-type" core structure for both systems, while the property of hydrolysis is significantly

different between the systems because of the bonding property of hydroxides and coordination water

in the complexes. Our latest investigation on the coordination geometry of Ln(III)-5-sulfosalicylate

showed an conclusion with conbining the present work:I0) The poly-nuclear complex formation is

controlled by the hydrolysis behavior of the central metal ion, and the competition between OH and

chelating ligand decide if the OH or ligand play a role for the M-M bridging donor atom. This

information may lead to the better understanding of the stimulated interaction in the ternary

radionuclide- natural organic acid - colloid system in the underground water system.
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5.3 Generation of actinide colloids and their sorption on rocks-A study on
colloids in an ISTC (International Science and Technology Center) project

Ai FUJIWARA
Radioactive Waste Management Funding and Research Center (RWMC),

No. 15. MoriBldg.,2-8-10, Toranomonn, Minato-ku, Tokyo 105-0001,Japana

Results of experimental studies on generation of colloids and their sorption on
rocks conducted in the ISTC (International Science and Technology Center) project
No. 1326 are presented, as well as a brief introduction of the project and a planned
new project on colloidal migration near the Karachai Lake, Russia.

KEYWORDS: Colloid, Sorption, ISTC project

1. Introduction

The International Science and Technology Center (ISTC) was established in Moscow, Russia in
November 1994 under international agreement as a nonproliferation program. Its role is to coordinate
international efforts to provide weapons scientists from the former Soviet Union new opportunities in
international partnership. In this framework, RWMC has been promoting science projects since its
establishment. Since 1998, we have been conducting the ISTC project No. 1326 entitled "Evaluation of
Geological and Geochemical Conditions for Deep Underground Disposal of the Actinide-Loaded
Radioactive Wastes". In the present paper, some interesting and important results on generation of
actinide colloids and their sorption on rocks are presented, as well as a brief review of the ISTC
project No. 1326. Also, a new project of colloidal migration of radionuclide near the Karachai Lake,
Russia is introduced.

2. ISTC project No.1326

In the ISTC project No.1326 entitled "Evaluation of Geological and Geochemical Conditions for
Deep Underground Disposal of the Actinide-Loaded Radioactive Wastes", which was started in
December 1998, the following research subjects related to geochemical barriers have been studied by
three Russian institutes:

• Uranium transport and precipitation in the processes of interaction of hydrothermal solutions
with uranium ores and volcanic glasses of an uranium ore field by IGEM (the Institute of
Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry,

• Solubility of actinide hydroxide and oxide by GEOKHI (Vernadsky Institute of Geochemistry
and Analytical Chemistry,

• Sorption behavior of actinide in rock-colloid system by KhRI (V. G. Khlopin Radium Institute).

In the second and the third subjects, some interesting and important results related to generation of
actinide colloids and their sorption on rocks were obtained.

3. Solubility of actinide hydroxide and oxide

In this subject, solubility of actinide hydroxide and oxide was studied. The measurements were
conducted using U-Pu, U-Np and U-Am mixed hydroxides as well as U-5%Pu and U-5%Np mixed
dioxides. As shown in Fig. 1, Table 1 and 2, a very low Pu solubility (<10"uM) of a U(IV)-Pu(IV)
mixed hydroxide was observed in simulated groundwater under anaerobic conditions as compared
with the concentrations of Pu in contact with its pure hydroxide.

It is to be noted that the observed Pu solubility of the mixed hydroxide is lower than the observed
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literature solubility values of amorphous Pu (IV) hydroxide1*. Possibilities of the effect of the aging of
Pu (IV) hydroxide precipitate and/or of the formation of Pu (III) hydroxide with a very low solubility
were suspected. However, the solubility of Pu (III) hydroxide itself was measured and confirmed to be
not so low, around 10-9 M. Thus, the effect of aging was studied in detail by preparing different types
of Pu (IV) hydroxide. One was prepared by slow neutralization of acidic Pu (TV) solution, called as
"polymer-type", and another was formed by rapid neutralization, called as "monomer-type". By
comparing the solubility of these Pu(IV) hydroxides, the effect of aging on the Pu solubility of the U
(IV)-Pu (IV) mixed hydroxide was summarized as:

• "Polymer-type" showed lower solubility than "monomer-type".
• Solubility of "monomer-type" decreased with time at pH 7, but was not so low (around 10"9 M).
• No clear difference in the size distribution between the two types was observed.

Based on these results, "polymer-type" hydroxide was considered to be controlling the Pu
solubility.
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Fig.l Concentrations of Pu and U in contact with U (IV)-Pu (IV) mixed hydroxide or each individual
pure hydroxide in a simulated groundwater solution as a function of contact time.
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Table 1 Concentration of Pu in contact with its pure hydroxide as a function of pH and contact time

Contact

time,

days

1

3

5

8

11

12

15

18

20

pH

6.7

12

7.0

6.9

6.9

7.0

6.7

12

7.0

-En,mV

458

460

432

348

389

417

378

391

390

[Pu],M

l.QE-9

3.0E-9

1.9E-9

Z6E-9

3.0ES

2.6E-9

35E9

23E-9

1.7E-9

pH

8.8

8.6

9.0

9.1

8.7

8.7

9.1

85

9.0

-Eh,mV

608

492

549

575

482

503

578

485

460

[P4M

2.1E-9

2.1E-9

3.8&9

2.1E-9

Z6E-9

13E£

3.6E4

5.6E4

2JSE9

pH

105

10.9

10.6

105

10.6

10.7

10.8

10.9

10.8

-Eh,mV

680

675

650

583

499

521

509

487

430

[Pu],M

4 £ P 9

5.4E-9

2.6E-9

3.5E-9

4.0&9

6.0B9

4.2E-9

3.5R9

3.4E4

Eh values are given relative to the chlorine silver reference electrode (+196 mV relative to the normal
hydrogen electrode). Pu contents in the suspensions of the hydroxide averages about 1.5 mg/ml

Table 2 Concentration of Pu and U in contact with U (IV)-Pu (IV) mixed hydroxide as a function of
pH and contact time

Contact

time,

days

1

3

5

8

11

12

15

18

20

pH

65

7.0

7.1

6.8

6.9

12

7.0

12

12

-Eh,

mV

502

466

422

351

412

-

438

411

392

[PulM

6.6E-10

3.6EP10

Z3E-10

1.0E-10

1-5E-11

<1.0E-ll

<1.0E-ll

<1.0E-ll

<I.OE-11

[UIM

1.0&7

ISB6

5.0E-6

32E6

3.4E-6

3.0&6

4.4E^

6.0E6

4J5B6

PH

85

8.9

9.1

9.0

8.7

8.8

9.0

9.1

9.0

-Eh,
mV

641

512

609

475

460

533

578

495

480

[PulM

7.4E-10

1.4E.10

85E-11

I.TEPIO

53&11

13E-11

<1.QE-11

<1.0E-ll

<1.0E-ll

[UIM

4JS&-1

2.6B6

33£6

Z9E«

42Er6

5.m6

4SES

3.0B6

pH

10.7

10.8

-

10.8

105

10.8

10.8

105

10.6

-Eh,

mV

736

695

-

481

490

490

509

500

480

[PulM

3.4E-10

1.4E-10

2.0E-10

25E-11

1.6E-11

20E-11

<1.0E-ll

<1.0E-ll

lOErll

[UIM

5.7-7

15E-6

3.0E^

4.S&6

35E6

9.0E-6

43B6

5iE<

6.1B6

Eh values are given relative to the chlorine silver reference electrode (+196 mV relative to the normal
hydrogen electrode). U and Pu contents in the suspensions of the mixed hydroxides average about 3
and 1.5 mg/ml, respectively.

4. Sorption behavior of actinide in rock-colloid system

The study on the sorption behavior of actinide colloids in rock-colloid-simulated groundwater
system was carried out by specifically examining the following subjects:

• The speciation of Pu and Am in simulated groundwater,
• The behavior of pseudocolloid in sorption of Pu and Am on glass,
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• The behavior of pseudocolloid in sorption of Pu and Am on granodiorite,
• The behavior of pseudocolloid in sorption of Pu and Am on granodiorite mono-mineral

fractions.

The speciation of Pu and Am was studied in a simulated groundwater solution (pH 8.3) containing
2.8x10"* M Am-241 and 9.0X10"9 M Pu-238. Ultrafiltration experiments were conducted with the
filters of 0.6 urn, 0.2 urn, 0.1 um and 0.05 urn pores and the sorption experiments were conducted
with ion exchange resins under dynamic and static conditions. In the ultrafiltration experiments, it was
found that 90% of Am and about 10% of Pu were present as colloidal particles having dimensions
above 0.05 p. m. In the sorption experiments, "primary" and "secondary" breakthrough curves were
obtained as shown in Figs.2 and 3 for Am and Pu, respectively.

Extent of
overshoot,

100-

9 0 -

8 0 -

7 0 -

6 0 -

5 0 -

4 0 -

3 0 -

2 0 -

1 0 -

0 10 20 30 40 50 60 70 80 90 100 110 120
Volume of passed solution, mL

11 j O - "primary" breakthrough curve of americium sorption on cation exchanger (ground
water)

(I) ® - "secondary" breakthrough curve of americium sorption on cation exchanger,
the solution was after the "primary" sorption on cation exchanger

(.i) ® - "secondary" breakthrough curve of americium sorption on cation exchanger,
the solution was after the "primary" sorption on anionite

(4) • - "primary" breakthrough curve of americium sorption on anionite (ground water)
(51 B - "secondary" breakthrough curve of americium sorption on anionite, the solution

was after the "primary" sorption on anionite
(ft! IH - "secondary" breakthrough curve of americium sorption on anionite, the solution

was after the "primary" sorption on cation exchanger

Fig.2 "Primary" and "secondary" breakthrough curves for Am
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Extent of
overshoot,

o o

10 20 30 40 50 60 70 80 90 100 110 120
Volume of passed solution, mL

i 11 O - "primary" breakthrough curve of plutonium sorption on cation exchanger (ground
water

'-) ® ~ "secondary" breakthrough curve of plutonium sorption on cation exchanger,
the solution was after the "primary" sorption on cation exchanger

ii i • - "primary" breakthrough curve of plutonium sorption on anionite (ground water)

(4> g) - "secondary" breakthrough curve of plutonium sorption on anionite, the solution
was after the "primary" sorption on cation exchanger

Fig.3 "Primary" and "secondary" breakthrough curves for Pu

It was indicated that Am was mainly of pseudo-colloidal while Pu was of ionic, and that some of
the colloidal species might be sorbed onto the ion exchangers. To clarify the behavior of
pseudocolloids, sorption of Pu and Am on glass was studied with and without pre-filtration
(0.001-0.4um) of the simulated ground water containing pseudocolloids of rocks. The Am sorption on
glass was shown to be in the same order of magnitude in both experiments. On the other hand, the Pu
sorption was lesser than that of Am and decreased with the increasing concentration of bicarbonate ion.
However, no apparent effect of removal of dredges and colloids was observed on the Pu retention.

The sorption of Pu and Am onto granodiorite and its mono-mineral fractions (such as biotite,
feldspar and quartz) was also studied under the same condition. In the experiments, monolithic
specimens after the contact with the Am and Pu solution were studied by autoradiography. It was
observed that Am and Pu were sorbed and concentrated on dark minerals, such as biotite. Thus the
sorption ability of mono-minerals was observed to be in the order of biotite > feldspar > quartz for Am and biotite
» feldspar ~ quartz for Pu. Despite of some indications of colloid effects on the sorption, no clear
interpretation is obtained yet.

5. Study on colloidal migration of radionuclides near the Karachai Lake

Intermediate-level liquid radioactive waste (120 MCi) with high nitrate contents from reprocessing
plant was disposed of in the Karachai Lake near "MAYAK" in Russia2). Nitrate front has been
expanding through the fractures and the aquifers below the lake at 0.17-0.23 m/day. This site was
selected for an in-situ study on colloidal migration of radionuclide in a new ISTC project. The goal of
the project is to determine the effect of colloidal radionuclide migration on the data obtained from the
studies of the dissolved, colloidal and pseudo-colloidal species in simulated and natural groundwater
systems and to develop methods for prediction of radionuclide-colloids interaction in the geological
environment. The project is planned to start in 2005.

- 7 4 -



JAERI-Conf 2005-007

Acknowledgements

The author wishes to thank Prof.O.Tochiyama and Prof.H.Moriyama for helpful comments for
preparation of this paper.

References

1) R. Guillaumont, T. Fanghanel, V. Neck, J. Fuger, D. A. Palmer, I. Grenthe and M. H. Rand,
"Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and
Technetium," F. J. Mompean, M. Illemassene, C. Domenech-Orti and K. B. Said, NEA Data Bank,
OECD,Eds.,p.317(2003).

2) I. N. Solodov, A. V. Zotov, J.A.Apps et al, "Geochemistry of natural and contaminated subsurface
waters in fissured bed rocks of the Lake Karachai area, Southern Urals, Russia", Applied
Geochemistry, Vol. 13, No.8, pp.921 (1998)

Note

This paper is based on a research project entitled "Verification study on geochemical barriers"
funded by the Ministry of Economy, Trade and Industry.

- 7 5 -



This is a blank page.



JAERI-Conf 2005-007

Session 1
(Room-2)

Safety Study of Fuel Cycle Facilities

Criticality Safety Evaluation of Reprocessing Facility

Chaired by T. Iwasaki (Tohoku Univ., Japan)



This is a blank page.



JAERI-Conf 2005-007 JP0550427

5.4 Preparation of Data for Criticality Safety Evaluation
of Nuclear Fuel Cycle Facilities*

Hiroshi OKUNO, Kenya SUYAMA, Hiroshi YOSHTYAMA, Kotaro TONOEKE
and Yoshinori MIYOSHI

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Nuclear Criticality Safety Handbook/Data Collection, Version 2 was submitted to
the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan as
a contract report. In this presentation paper, its outline and related recent works are
presented.

After an introduction in Chapter 1, useful information to obtain the atomic number
densities was collected in Chapter 2. The nuclear characteristic parameters for 11
nuclear fuels were provided in Chapter 3, and subcriticality judgment graphs were given
in Chapter 4. The estimated critical and estimated lower-limit critical values were
supplied for the 11 nuclear fuels as results of calculations by using the Japanese
Evaluated Nuclear Data Library, JENDL-3.2, and the continuous energy Monte Carlo
neutron transport code MVP in Chapter 5. The results of benchmark calculations based
on the International Criticality Safety Benchmark Evaluation Project (ICSBEP)
Handbook were summarized into six fuel categories in Chapter 6.

As for recent works, subcriticality judgment graphs for U-SiO2 and Pu-SiC>2 were
obtained. Benchmark calculations were made with the combination of the latest version
of the library JENDL-3.3 and MVP code for a series of STACY experiments and the
estimated critical and estimated lower-limit critical values of 10 wt%-enriched uranium
nitrate solutions were calculated.

KEYWORDS: handbook, nuclear characteristic parameter, subcriticality judgment
graph, MVP, JENDL-3.2, ICSBEP, criticality safety evaluation, nuclear fuel cycle
facility

1. Introduction

The history of Japanese nuclear criticality handbooks and data collections is summarized in Table
1. Both Nuclear Criticality Safety Handbook and Data Collection related to it were published in the
same volume in 1988.° They were applied to the safety review of Rokkasho Reprocessing Plant
started in 1989. Nuclear Criticality Safety Handbook, Version 2 that included evaluation methods
and alarm system for criticality accidents was released in 1999,2) a few months before the criticality
accident occurred in Japan.3) It supplied helpful information in estimating the total fission number of
the accident.4)

Data Collection, Version 2, of which outline will be given in the next section of this paper, was
submitted to the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan as
a contract report in 2004.5) Data Collection, Version 2 was expected to be a data source of the
consensus standard on nuclear criticality safety published by the Atomic Energy Society of Japan.^

Table 1 History of Japanese nuclear criticality handbooks and data collections

Nudear
Criticality Safety
Handbook

Data Collection

Events

881 901

tVersion 1

Tversion 1
I I I I

Safety Review of RRP

951 99 00 04 OS

I I
TVersion 2

i i i
Completion of
Version 2 t
i i i i i

Criticality t From STA TAESJ
Accident? to MEXT Standard

This work was carried out by the Japan Atomic Energy Research Institute (JAERI) under entrustment by the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.
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2. Data Collection, Version 2

2.1 Contents

JAERI-Conf 2005-007

A table of contents of Data
Collection, Version 2 is shown
in Table 2. Chapter 1
summarizes a historical
background, motivation,
calculation method and an
outline of the Data Collection,
Version. 2. Other Chapters
will be briefly described in the
following subsections.

Table 2 A table of contents of the Nuclear Criticality Handbook/
Data Collection, Version 2

1. Introduction
2. Atomic Number Densities
3. Nuclear Characteristic Parameters for Various Fuel

Compositions
4. Subcriticality Judgment Graphs for Infinite Fuel Systems
5. Criticality Data for Single Units
6. Benchmark Calculations of Critical Experiments

1000

100

5wt%,

2.2 Atomic Number Densities

Data Collection, Version 2 adopted the 1986 adjustment of fundamental physics constants,
whereas the first version followed the 1973 adjustment of the fundamental constants. Information on
the elements related to fission product nuclides was included, which covered neutron absorption
cross-sections and resonance integrals for main fission product nuclides based on the Japanese
Evaluated Nuclear Data Library, JENDL-3.2.^ Useful information is collected in Chapter 2 to obtain
the atomic number densities for various chemical compounds, solutions of uranium/plutonium
appeared in the fuel cycle facilities, irradiated PWR and BWR fuels, and structural materials.

The experimentally based density formula for nitric
solutions of mixed uranium and plutonium, named SST
formula,8) was adopted in Nuclear Criticality Safety
Handbook, Version2. In order to extend the applicable
fuel concentrations of the formula, i.e., uranium
concentration not thicker than 530 gU/L for uranium
nitrate solutions, not thicker than 480gPu/L for plutonium
nitrate solutions and not thicker than 350 g(U+Pu)/L for
uranium and plutonium nitrate solutions, a model was
proposed and used for calculation of basic criticality data,
which assumed a mixture of crystal (UO2(NO3)2-6H2O
and/or Pu(NO3)4-5H2O) and nitrated solutions of uranium
and/or plutonium with the maximum concentration
experimentally confirmed The H/U atomic ratio of
uranium nitrate solution resulted from the mixture model
is compared in Fig. 1 with that derived from the Moeken's
model adopted in Version 1.

10

-Mixture model (present)
- Moeken's model (previous)

0 200 400 600 800 1000 1200 1400

Uranium Concentration [gU/L]
Comparison of the H/U ratios of
uranium nitrate solution between
mixture model and Moeken's
model

2.3 Nuclear Characteristic Parameters

Nuclear characteristic parameters, i.e., the neutron multiplication factor in infinite media, k^,
migration area, M2, and diffusion constants, D, were calculated for 11 kinds of typical fuels
encountered in criticality safety evaluation of nuclear fuel cycle facilities.9) These fuels encompassed
ADU-H2O, UF6-HF and Pu(NO3)4-UO2(NO3)2 solution, of which data were not cited in the Data
Collection. The calculation was made with the JENDL-3.2 and a sequence of codes: SRAC code
was used for preparation of 107-grouped effective cross sections, Revised POST code was used for
transforming the 107-grouped cross sections into 137-grouped cross sections, and SIMCRI code was
used for calculation of nuclear characteristic parameters. An example of k* obtained in this way is
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shown in Fig. 2 for Pu(NO3)4-UO2(NO3)2 solutions.

J

2.5

2.0

1.5

1.0

0.5

0.0

Pu(NO3)4-UO2(NO3)2 Solution

: "—

——.

.̂

- 1 -

- » .

—<;

N N
s N

4;̂

Pi

s

i/(Pu+U)

\ v

- 1 C
7

- 5
- 3
- 2
- 1

• 2

- 0.

s s ^^

0wt%
Dwt%
Owt%
Owt%
Owt%
Owt%
wt%
*wt%
wt%
2wt%

1E+1 1E+41E+2 1E+3

H/(Pu+U)
Fig. 2 Infinite multiplication factor in the infinite media of uranium and plutonium nitrate solutions

2.4 Subcriticality Judgment Graphs

Subcriticality judgment graphs indicate the region satisfying the relation of ko, < 0.98 between two
variables: (a) uranium enrichment, 239Pu/Pu ratio or plutonium enrichment, and (b) H/(Pu+U)' ratio.
By using the calculation results for k* in the preceding subsection, the subcriticality judgment graphs
were drawn for the same kinds of fuels except UF6-HF that did not show any dependence of k*, on the
UF6-HF concentration. An example of subcriticality judgment graphs is shown in Fig. 3 for mixed
uranium and plutonium fuels.

The estimated lower-limit critical enrichment is either the 235U enrichment in U, 239Pu-enrichment
in Pu, or Pu-enrichment in the sum of Pu and U at which the system becomes 1^=0.98 in the optimum
moderation condition. The estimated lower-limit critical enrichments in Data Collection, Version2
are compared in Table 3 with those in Data Collection and LA-12808.10)

100
PuO2-UO2-H2O

Pu(NO3)4-UO2(NO3)2

Table 3 Estimated lower-limit critical enrichments in
Data Collection, Version 2 compared with
previous values

Chemical Form Ver. 2 Ver. 1 LA-
12808

U-H2O
UO2-H2O

UO2F2 Solution
UO2(NO3)2 Solution

ADU-H2O
Pu(NO3)4-UO2(NO3)2 Solution

PuO2-UO2-H2O

0.90
0.94
0.99
1.86
1.17
0.74
0.12

0.89
0.91
0.95
1.90
N.A.b

N.A."
0.11

0.93
0.96
0.96
1.96
N A b

0.65
0.13

0.01
0.01 0.1 1 10 100 1000 104

n / ( K U U) ' The quantities shown for LA-12808 are either the subcritical H 'U enrichment limits
Fig. 3 Subcriticality judgment graph for f o r uiaDixm n*1"* homogeneously with water or the subcritical limits for plutonium

. . . in plutonium and natural uranium mixtures of unlimited mass.
mixed u ran ium and plutonium 'N.A.: Not Applicable.

systems

2.5 Criticality Data for Single Units

The criticality data for single units published in Data Collection were obtained with calculation by
using the multi-grouped energy Monte Carlo criticality calculation code KENO-IV and the evaluated
nuclear data library ENDF/B-IV. Benchmark calculations were performed with the same
combination of code/library based on the experimental reports, and the errors were evaluated
associated with the calculation. The criticality data for single units prepared for Data Collection,
Version 2, were calculated by using the continuous energy Monte Carlo criticality calculation code
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MVPn ) and the evaluated nuclear data library JENDL-3.2. As will be stated in the next subsection,
benchmark calculations were performed with the same combination of code/library based on the
ICSBEP Handbook reports.12)

The minimum estimated critical and estimated lower-limit critical masses of 20 wt%-enriched
UO2-H2O cited in Nuclear Critical Safety Handbook, Version 2, were 7.43 and 7.00 kgU, respectively,
whereas, 5.25 and 4.62 kgU, respectively, in Data Collection, Version 2 (see Fig. 4). International
comparison of minimum critical mass values of 20 wt%-enriched UO2-H2O revealed that 7.43 kgU
was the outlier of all the corresponding values in the world.13) The main reason that the previous
values were larger than the present values was that previous calculation was made as low uranium
concentration as 600 gU/L.

H ^ g 20wt%-EmWied U O J - H J O

^Water Content"
: 1 wt%i

10H 3wt%
- 5wt%ien

Jg 1 0 3

102

10°

- Estimated Critical
Mass
Estimated Critical
Lower-Limit Mass

102 103 104

Uranium Concentration [gU/L]
Fig. 4 Estimated critical and estimated lower-limit critical masses of 20 wt%

with a combination of JENDL-3.2 library and MVP code

2.6 Benchmark Calculations

235U enriched UO2-H2O

Benchmark calculations were made with the
combination of MVP code and JENDL-3.2
library, and the results are listed in Table 4.
Benchmark experimental set-ups in the ICSBEP
handbooks were utilized for the benchmark
calculations. Calculation errors were evaluated
for this combination. The calculation of
criticality data for single units, given in the
subsection 2.5, assumed the same calculation
error in each group of fuel systems.

Table 4 Results of benchmark calculations with
JENDL3.2 and MVP

Group No. of
Samples Ave.

LEU-hom

HEU-hom

Pu-hom
MIX-hom
U-het
MOX-het

75
55
46
29

121
47

1.0073
1.0052
1.0044
0.9999
1.0026
0.9991

0.0055
0.0070
0.0077
0.0057
0.0064
0.0053

3. Recent Works

3.1 Subcriticality Judgment graphs for Si02-moderated systems

Water is the most important moderator in the criticality safety evaluation; however there are some
other moderators that are also important and appeared in the fuel cycle facilities. One of those is
silicon dioxide, SiC>2, which is the main component of concrete, glass, bentonite and so on. The
neutron multiplication factor in the infinite media was calculated for homogeneous mixtures of
uranium and SiC«2, and the subcriticality judgment graph was drawn, which is compared in Fig. 5 with
the corresponding one for water-mixture of uranium. For uranium concentration thinner than 0.067
gU/cm3 and uranium enrichment larger than 17.7 wt%, SiC<2 seems to be a better moderator than water.
Figure 6 shows a similar graph for plutonium, instead of uranium, that consists of two isotopes a 9Pu
and 240Pu. Silicon dioxide is again a better moderator than water for plutonium concentration thinner
than 0.084 gPu/cm3 and 239Pu to 240Pu ratio larger than 89:11 wt%.
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u-Jud-comparisorw

100
piH ud-compartoorw

Uranium Concentration [gU/cm ]
Fig. 5 Subcriticality judgment graph for

SiO2-moderated uranium system

0.001 0.01 0.1 1 10

Plutonium Concentration [gPu/cm3]
Fig. 6 Subcriticality judgment graph for

SiO2-moderated plutonium system

3.2 Comparison of JENDL-3.2 and JENDL-3.3 Results

Benchmark calculations were made with a
combination of the latest version of the Japanese
Evaluated Nuclear Data Library, JENDL-3.3,14) and
the MVP code for a series of STACY experiments
that used 10 wt%-enriched uranium nitrate
solutions. The estimated critical and estimated
lower-limit critical keff were determined from the
benchmark results as 1.0016 and 0.98, respectively.
The estimated critical and the estimated lower-limit
critical masses were calculated and compared with
the corresponding masses calculated with the
combination of JENDL-3.2 and MVP. As shown
in Fig. 7, the estimated critical masses obtained
with both libraries are almost the same, whereas the
estimated lower-limit critical mass based on
JENDL-3.3 is larger than that based on JENDL-3.2,
which is expected from the benchmark results.

4. Conclusions

80
70
60

10 wt%-«nji*ed U02(NO3)2 Solution

Estimated Critical k „,

Estimated Lower-Limit
Critical k M

JENDL-3.3

1.0016

0.98

JENDL-3.2

1.0076

0.98

Estimated Lower-Limit
Critical Mass

400 600 800 1000
Uranium Concentration [gU/L]

Fig. 7 Comparison of estimated critical and
estimated lower-limit critical masses
calculated with JENDL-3.3 library
with those with JENDL-3.2 library

1400

An outline of Data Collection, Version 2, was given, which was completed by JAERI in 2004
and submitted to the Ministry of Education, Culture, Sports, Science and Technology (MEXT) as a
contract report. Additionally, two of the recent works were presented. Subcritical judgment graphs
for both mixtures of uranium and silicon dioxide, and of plutonium and silicon dioxide were obtained.
Silicon dioxide was shown to be a better moderator than water for very low uranium or plutonium
concentration and high a 5 U or ^'Pu enrichment. The estimated critical and estimated lower-limit
critical values of 10 wt%-enriched uranium nitrate solutions were calculated using the latest version of
the Japanese Evaluated Nuclear Data Library, JENDL-3.3, and compared with the corresponding ones
employing JENDL-3.2. The estimated critical masses obtained with both libraries were almost the
same, whereas the estimated lower-limit critical mass based on JENDL-3.3 was larger than that based
on JENDL-3.2.
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'Department of Earth Sciences and Engineering, Imperial College of Science, Technology and
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Abstract

In developing a transient criticality evaluation method we model, in full spatial/temporal detail, the
neutron fluxes and consequent power and the evolving material properties - their flows, energies,
phase changes etc. These methods are embodied in the generic method FETCH code which is based
as far as possible on basic principles and is capable of use in exploring safety-related situations
somewhat beyond the range of experiment. FETCH is a general geometry code capable of addressing
a range of criticality issues in fissile materials. The code embodies both transient radiation transport
and transient fluid dynamics. Work on powders, granular materials, porous media and solutions is
reviewed. The capability for modelling transient criticality for chemical plant, waste matrices and
advanced reactors is also outlined.

1. Introduction
The motivation for this research comes from the potential for criticality where fissile materials are
present in industrial or environmental matrices, and from the associated need to assess the implications
for the integrity of industrial plant and potential radiation impacts on the health of workers and the
public. In general these matrices will be multiphase, for example bubbly solutions, wetted or
suspended powders or porous media.

While simple-design criticality assessment methods may normally be applied in a conservative manner,
there is a need for a generic, fundamentally-based method capable of treating spatial and temporal
detail, that may be used as a reference method and be used to assist in understanding complex
behaviour. It is to meet this need that the coupled neutronics/computational fluid dynamics (CFD)
code FETCH (Finite Element Transient Criticality) has been developed and benchmarked against
available experiments1"^. The code has been developed as a reference method for modelling criticality
transients in fissile solutions and other multiphase matrices. The fundamental nature of the modelling
means that the code may be applied to cases somewhat beyond the range of experiment - for example
dilute plutonium solution transients1. The extensive FETCH research into transients in fissile solutions
is reviewed here in order to explore the role of radiolytic gases, transient pressure fields and of free
surface 'sloshing'.

Transient criticality has been the subject of active investigation in the last 20 years with encouraging
results. The CRITEX code by Mather et al.4"6 was written to simulate the four important parameters of
thermal expansion, temperature, radiolytic gas release and water vapour release, using point kinetics
with cylindrical tank buckling and analytical treatments of the main variables. It has been validated
against the CRAC and SILENE experiments2. Later work led to the CHAMPAGNE treatment for high
rates of reactivity addition in the presence of gas bubble formation. The related POWDER code,
designed to simulate the ingress of a moderator into fissile powder, was developed following specific
experiments using the SILENE reactor.

FETCH uses the two fluid Eulerian-Eulerian model for modelling granular materials and powders.
Both phases (particles and fluid) are continuous and fully inter-penetrating, and are described by
separated conservative equations with interaction terms representing the coupling between the phases.
The model requires additional closure laws to describe the rheology of the particulate phase. These
closure laws are based on the assumptions of kinetic theory for granular flows. This model is then
fully coupled to neutron radiation transport with heat being typically deposited into fissile particles
where appropriate.

The FETCH porous medium model is similar to the granular model, but the granular phase (porous
medium) is assumed fixed or slowly moving in response to a nuclear criticality transient. Two
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examples problem sets are demonstrated: criticality in waste-contaminated porous matrices and
transient analysis in a Pebble Bed nuclear Reactor (PBR).

2. Neutron-fluids coupled method - FETCH
The FETCH code comprises three modules; two transient three dimensional finite element modules -
the neutron transport code EVENT7 and the computational fluid dynamics (CFD)/multiphase code
FLUIDITY9, coupled through an interface module. At each time step the interface module organizes
the feedback from FLUIDITY of spatial temperature, density and delayed neutron precursor
distributions into the EVENT neutronics module and also, in the light of these fields, updates the
spatial distribution of multi-group neutron cross-sections for EVENT. For a given element of the finite
element (FE) mesh, a cross-section set is obtained by interpolating in temperature and voidage (due to
gases) a cross-section data-base. This database has been group-condensed taking into account
resonance self shielding and thermal temperature effects, into six groups using the WIMS8A code1 and
a representative geometry. The neutronics module generates for FLUIDITY spatial distributions of
fission rate (energy deposition). An adaptive time-stepping procedure allows transient features of the
fields to be resolved, having characteristic time scales which can vary over many orders of magnitude.

3. Formulation
This section the formulation used in FETCH including the discretisation, the solution methods and the
equations that are solved as well as the physics modelled in these equations.

3.1 Multi-phase discretisation and solution methods
A high resolution method is used in this work to achieve bounded physical meaningful solutions that
are also highly accurate. The method used to limit the spatial derivatives is based on the NVD
approach8. A second order temporarily limited time stepping method (based on the Crank Nicholson
method) is used in this work to help achieve bounded solutions, e. g., positive volume fraction. To
maintain consistency with the discretized continuity equation, pressure as well as volume fractions
have a piecewise constant variation across each hexahedral element. For similar reasons the granular
temperature equations are also discretized using the high resolution method described above. The
velocities have a tri-linear variation across each element and are thus centred on the nodes of the finite
element mesh. The momentum equations are discretized using a Petrov-Galerkin method by
multiplying each of the momentum equations for the three velocity components by finite element basis
functions and integrating the resulting pressure term by parts. A non-linear Petrov-Galerkin method is
used to suppress velocity oscillations normal to the flow direction. The momentum equations are
discretized in time using implicit Crank-Nicholson time stepping. A semi-implicit projection method
is used to solve the coupled multiphase continuity and momentum equations, see [9]. This method
treats the coupling between the phases implicitly in pressure. A mixed finite element method with a
constant variation of pressure throughout each element and a bi-linear variation of velocity is used
here to avoid singularities in the discretized equations.

3.2 Multi-phase modelling

In this section the approach to solving the multiphase fluid equations9 is discussed. The three
conservation equations cover mass, momentum and thermal energy. The mass equation represents the
void fraction, densities and velocities of liquids in given phases and also allows the position of a free
surface to be tracked. In addition to momentum transfer terms between phases, the momentum
equation has terms for interfacial pressure and drag forces, virtual mass and lift9. Buoyancy forces
evolve naturally on the appearance of temperature differences and gases in the system.

Scalar field equations cover all field variables, together with delayed neutron precursors, water vapour
and when appropriate radiolytic gas concentration dissolved in liquid, and embodies interfacial
exchanges between phases. Delayed neutron precursors are assumed to exist only in the fissile liquid
or solid phase and are in six delayed neutron precursor group form1. The continuity equation for the
liquid depends on an equation of state embodying the response of liquid density to pressure and
temperature (via the speed of sound and the expansion coefficient respectively).
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In the Two-Fluids Model, both phases are modelled as interpenetrating continua and corresponding
mass, momentum, thermal energy and fluctuation energy balance equations are solved with interaction
terms representing the coupling between the phases. However, in the granular flow, particles dissipate
energy due to inelastic collisions, therefore, a conservative equation for the kinetic energy of the
particles is introduced into overall balance. This leads to a model in which the granular temperature,
as an analogy of the thermodynamic temperature in the kinetic theory of gases, is used to measure the
random oscillations of particles.

Mass balance within both phases is represented by the continuity equations defined as

— (£kPk) +

dtK J dx.
where t, xt £k,pkVk are the time, spatial coordinate, volume fraction of phase k, density of phase k and
velocity of phase k respectively. The first term on the left-hand side of equation (1) is related to the
rate of mass accumulation per unit volume and the second term represents the net rate of convective
mass flux. The momentum balance for both phases is expressed as:

( ) + -^-

d

where p is the pressure and the first and the second terms on the right hand side represent buoyancy
and gravitational forces, respectively. The third and fourth terms are, respectively, the interaction force
representing the momentum transfer between the fluid and solid phases and the stress tensor. The fifth
term represents the frictional force exerted by the phase k on the wall. The thermal energy equations
for dispersed (e.g. solid phase) and continuum (fluid) phases are described as:

DTf

(4)

where C, is the heat capacity at constant pressure and the last three terms on the r.h.s. of these
equations represent the thermal energy transferred by conduction, convection and between phase 'k'
and the wall, respectively.

3.3 Multi component models
Multiphase multi-component models for the simulation of flow and transport processes in the liquid,
gas and granular flows are used widely in various technical application fields. They are characterized
by the flow of more than one fluid phase (e.g. water, vapours, gas) and the transport of components in
the fluid phases. Many multiphase multi-component processes are strongly affected by non-isothermal
effects, in particular when processes such as evaporation/condensation play a dominant role. For the
description of temperature-dependent processes, transitions of components between the phases,
coupled with an exchange of thermal energy, have to be taken into account in addition to the flow of
the individual phases. These models are important as they allow FETCH to track the movement and
evolution of a large number of materials in a criticality. Consider a system with r chemical
components in the solid, liquid or gas phases and suppose the superscript h represent the component.

r

The volume fraction of the solid phase may be represented by: es = ̂ £ 3
h where, is the component of

h=l

- 8 7 -



JAERI-Conf 2005-007

the solid phase for example. Thus, a mass balance of each component of the solid phase may lead
r

to pses =2^PsEs • Therefore the continuity equation may be re-written for the solid phase as:

(5)

The multi-component flow sub-model may also be extended for the thermal energy balance expressed
by equation 4. It thus may be derived from the energy conversation of each component h as:

K (6)

where, Cs and Kh
s are the heat capacity and thermal conductivity of each component. By summing

the set of equations represented in equation 6, it leads to equation 4, where Cs is the bulk capacity of

the solid phase, C,p,e, =

Fig 1. Fission rate verses time (sec) for a simulation of the CRAC 43 experiment - the liquid inflow
rate of 1440 l/h through a small pip at the bottom of the vessel (bottom left of diagrams) provides the
ramp reactivity insertion -200 g/l concentration 93 % enrichment. The central axis is on the left of the
picture.
4. Applications

In this section we demonstrate FETCH for a wide range of applications.

Fissile solutions: Rapid transients in fissile solutions are typically characterised by the production of
radiolytic gases and if energetic enough boiling. For example, an axi-symmetric simulation of a fissile
solution experiment conducted by IPSN-Valduc, France called CRAC 43 was performed (see Fig. 1).
This has a constant uranyl nitrate solution inflow rate of 1440 l/h and as a result is characterised by a
series of fission spikes (Figl - left) which are related to the frequency of free surface sloshing and rate
of rise of radiolytic gases bubbles out of the system. The central figure in Fig. 1 shows the solution
volume fraction, the radiolytic gas bubbles near the surface and the free surface motion. The figure on
the right of Fig. 1 shows the corresponding temperature distribution at 4.6 s into this transient and has
a maximum temperature of some 60 Deg C. The radiolytic gas production models have been carefully
validated against TRACY as well as SILENE experiments. See Fig. 2 (left) for a simulated solution
volume fraction distribution for one of the more energetic transient experiments. The motivation of
these experiments and simulations to achieve an understanding of criticality events such as the Toki-
Mura incident - see right most two figures for a simulated solution volume fraction distribution just
after the initial fission pulse when the mass of radiolytic gases are rises to the free surface and the
temperature distribution at steady state. The rising radiolytic gas bubbles perturb the free surface
(sloshing) and results in oscillations in the fission rate (Fig. 3 - right). Notice also the rapid variation of
the pressure at a detector in the solution just after the first pulse. This is due to the rapid expansion and
contraction of the mass of radiolytic gas bubbles in the solution. In addition, FETCH has been able to
explore the dynamics of dilute Plutonium solutions with an overall positive temperature coefficient
and has discovered a surprisingly benign behaviour.
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Fig 2. From left to right: Tracy simulation initial solution volume fraction and at 0.4 seconds into
transient with a 2.8$ excess reactivity; solution volume fraction at 0.5 s into a simulation of the Toki-
Mura simulation with a 2.5$ excess reactivity and an initial temperature of 20Deg C. and a similar
simulation at steady state with the water jacket held at a constant 30 Deg C (far right).
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Fig. 3 A PBR reactor simulation 1st two graphs on the left. Fission rate then temperature versus time
with a superficial gas inlet velocity of 440 cm/s. Far right graph; Toki-Mura simulated fission rate
and pressure versus time for a 2.5 $ step simulation.

Granular and porous media; A BPR is a good example of criticality in a porous media. The FETCH
axi-symmetric model of the PBR has an inner domain (shown in the model Fig. 2) comprising of 6 cm
diameter pebbles. Fissile pebbles are placed in the outer annular PBR region to a radius of 1.85m and
in the inner cylinder region (radius of lm) there are graphite pebbles. The bed height is 1 lm and it is
surrounded by graphite (top, bottom and sides) and control rods at the sides. Helium gas at 60 bars and
755 K is pumped from the top of the domain shown in the figure and exits from the bottom. The
helium gas takes a convoluted path through the pebbles enhancing its effective gas diffusivity in the
thermal energy equation above; see the temperature distribution in Fig 4. This temperature distribution
distorts the power profile as shown in the figure. The nuclear fluidised bed whose particle volume
fraction distribution is shown in Fig 4 (far left) has a similar geometry to the PBR but with a smaller
1.3 m diameter inner core in which TRJSO particles are fluidised by helium at 60 bars pressure. The
resulting fission rate is quite noisy with fluctuations on a time scale of 0.1 s but the temperature of the
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bed is remarkably steady. This is in contrast to the slowly varying and predictable fission rate of the
PBR, see Fig. 3 - see also its maximum temperature versus time. The final simulation is a simulation
of a criticality of a dilute plutonium concentration attached to a porous media. The resulting transient
fractures the porous media and turns into granules. The resulting fission rates and pressures are shown
in Fig. 4 (far right) for two simulations; one with an over pressure of 1 bar and the second with an over
pressure of 60 bars.
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Fig. 4 Far left is a particle volume fraction distribution of a nuclear fluidised bed reactor. The inner
cavity is shown with a quarter of the domain removed so that the inside of the reactor can be seen-
white represents particle concentrations near maximum packing and black zero particle concentration.
The next two diagrams are the power and temperature distributions of a PBR. Graphs on the far right
show the maximum temperature of the 60 bar over pressure simulation and 1 bar over pressure
simulations in a porous media initially at room temperature. The maximum temperatures of these
simulations are 1600 Deg C and 800 Deg C respectively. Similarly, the maximum pressures are 550
bar and 120 bar respectively.
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5.6 International intercomparison of
criticality accident dosimetry systems - SILENE 2002

R. M<§dioni\ B. Asselineau3,1. Clairand1*, L. Roy1, B.Verrey2, F. Trompier1, C. Itie1,
C. Texier1, H. Muller3, G. Pelcot3, X. Jacquet2, J.L. Pochat3,

V. Buard1, M. Delbos1, E. Gregoire1, P. Voisin1 and J.F. Bottollier-Depois1.
lInstitut de Radioprotection et de Surete Nucleaire, 92262 Fontenay-aux-Roses Cedex, France

Commissariat a I'Energie Atomique, centre de Valduc, 21120 Is-sur-Tille, France
3Institut de Radioprotection et de Surete Nucleaire, 13115 Saint-Paul-Lez-Durance, France

Sixty laboratories issued from 29 countries participated in an international intercomparaison of
criticality accident dosimetry systems, which took place in France in June 2002, at the SILENE
reactor and at a pure gamma source. This intercomparison was jointly organised by the Institute for
Radiological Protection and Nuclear Safety (IRSN) and the Atomic Energy Commission (CEA)
with the help of the Organisation for Economic Co-operation and Development (OECD) and was
partly supported by the European Communities. This paper describes the different aspects of this
intercomparison. The dosimetric quantities measured and reported by the participants are
summarised, analysed and compared to the reference values.

KEYWORDS: Criticality accident dosimetry, International intercomparaison, SILENE reactor.

1. Introduction
An intercomparison of criticality accident dosimetry systems took place in France from 9 to 21 June
2002, at the SILENE reactor in Valduc centre and at a pure gamma cobalt-60 source in Fontenay-
aux-Roses laboratory^. This campaign has been organised by IRSN and CEA with the help of the
NEA/OECD and partly sponsored by the European Communities25. This exercise involved 60
laboratories from 29 countries. During this intercomparaison, dosimetry systems tested included
dosemeters commonly used for accident dosimetry as well as biological dosimetry systems.

2. Material and methods
2.1. Objectives

The objectives of this intercomparison were to provide participants with a training opportunity to
use and evaluate their accident dosimetry systems under realistic conditions, to investigate their
response to mixed fields simulating criticality and reactor accidents, to compare different techniques
of measurement and methods of interpretation in terms of relevant dosimetric quantities, to evaluate
the performance of their dosimetry systems through controlled irradiations in the well-characterised
fields of two facilities, a pure gamma source and a research reactor.

2.2. Facilities
Two facilities were used: a pure gamma cobalt-60 source and the SILENE reactor. They allowed
the simulation of different accidental irradiation types in well known characterised pure gamma or
mixed Melds.
- The gamma source: A pure gamma cobalt-60 source located in the IRSN laboratories in
Fontenay-aux-Roses was used. Participants had their dosimeters (TLD's, films, OSL...) exposed to
1 Gy tissue kerma in air and/or on phantom. The results reported have shown a satisfactory
performance: 90% of the results were within ± 25% of the reference values. Since the main
objective of this intercomparison was focused on the mixed fields, the details of these experiments
performed with the pure gamma beam are not developed in this paper.
- The SILENE reactor: The SILENE reactor is a homogeneous experimental reactor located in a
large concrete cell (19x12x10 m). The core is an annular vessel (360 mm diameter) containing a
fissile solution (uranyle nitrate). This reactor can be operated using three different modes: steady
state, free evolution and pulse mode3). For this intercomparison, the reactor was operated both
unshielded (y/n close to 1) and with a 100 mm thickness lead shield (y/n about 0.2).

Corresponding author, Tel. +33-1-58-35-89-65, Fax. +33-1^47-46-97-77, E-mail: isabelle.clairand@irsn.fr
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2.3. Experimentation
Participants had their dosemeters irradiated through three experiments. Area dosemeters were
exposed in air, at the reference position (4 m from the reactor axis, on the median line - 90°, 1.20 m
in height). Personal dosemeters were distributed on 5 phantoms. These phantoms, polyethylene cans
(80 cm height) with an elliptical section (20x30cm), were filled up with water (Figures 1 and 2).
Three different irradiation regimes of the reactor were used: 1) free evolution mode with the reactor
bare; 2) steady state mode with the lead shielded reactor, 3) free evolution mode with the lead
shielded reactor.
Twenty-one laboratories took effectively part in the exercise at the SILENE site and performed the
analysis of their dosemeters immediately following the irradiations. Twenty other laboratories that
were not present at Valduc, have sent dosemeters (mainly TLD's), and these have been returned by
mail after the irradiation phase for assessment and analysis in their home laboratories. Moreover, 19
biological dosimetry laboratories took part in this intercomparison and have blood samples
irradiated. The treatment of samples was performed by IRSN and either slides or fixed suspensions
coded in simple blind method were sent to the participants according to their request.

Fig. 1 Positioning of individual dosemeters
on a cylindrical phantom

Fig. 2 Dosemeters in the SILENE reactor cell

2.4. Dosimetry systems and expression of results
2.4.1. Physical dosimetry

The dosemeter types used by the participants are indicated in Figure 3 for neutron dosimetry and in
Figure 4 for photon dosimetry. The dosimetric quantities supplied by participants were derived from
the measurements of their exposed dosemeters.

• For dosemeters exposed on the front of phantoms the quantities reported were as follows:
Dn, neutron recoil + proton dose for Element 57; Dny, secondary gamma (H(n-y)) dose for
Element 57; and D^, total gamma ray dose (incident dose + (n-y) dose).

• For dosemeters exposed in free-air the principal quantities reported were Kn, neutron
kerma; Dy, incident gamma ray dose and the neutron fluences above given energy limits.

NEUTRONS
Chemical det. 5% Aclivation del 62%

Silicon diodes 15%

Area

Chemical det 4%
Activation det, 46% Individual

do so motes ro

PHOTONS

Rim (8%)
Glass (10%)

TLD (82%)

Fig. 3 Dosemeter types used by participants
for neutron dosimetry

Fig. 4 Dosemeter types used by participants
for photon dosimetry
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2.4.2. Biological dosimetry
Cell culture was performed according to standard protocols5). For the scoring of dicentrics, the
slides were stained according to the Fluorescence Plus Giemsa technique5), in order to distinguish
first and second division cells. Each participant had to score 500 cells or 100 dicentrics when
possible for both control and exposed sample of each experiment. The purpose of the biological
dosimetry international intercomparison was to compare (i) dicentrics yield produced in human
lymphocytes; (ii) the gamma and neutron dose estimate according to the respective laboratory
calibration curve.

3. Results
3.1. Physical dosimetry

Figures 5 to 8 show the dose values derived from participants' measurements, normalised to the
reference values. For confidentiality, the participants are identified by a laboratory code letter.
Table 1 presents the ratio of the mean values of doses reported by the participants to the reference
measurements and shows a good agreement for kerma and recoil dose in the case of the two free
evolutions. For the 'H(n,Y)2D component of doses the ratios to the reference values are acceptable
but standard deviations on the mean are high (about 50%). In practical situation, the ability to
derive this component of dose is of secondary importance as it is measured by a gamma ray
dosemeter worn on the front of the phantom. A fair agreement is observed for gamma ray doses
between the mean values and the reference measurements for the bare source (incident in air: ratio
= 0.86; total on phantom: ratio = 0.81). In the case of the lead shielded configuration, the results are
good on the phantom but very poor (ratio = 1.63) in free-air denoting the difficulty of measuring
gamma ray doses when the gamma to neutron dose ratio is very low (about 0.18 in that case). •
For neutrons (kerma or recoil dose), the standard deviation on the mean for free air is on average
about ±14% but higher on phantom (25% and 38%). For gamma ray quantities, the standard
deviation of the mean is larger (25 to 50%) and illustrates again the difficulty of measuring the
gamma ray dose in mixed radiation field where it is necessary to take into account the response of
gamma dosemeter to neutrons. For the incident gamma ray dose that is measured directly by
dosemeters exposed at free-air stations, the standard deviation of the mean of the results is ±19%
for bare source but ±46% for lead shield. The total gamma ray dose (incident + 'Hfoy^D) is
measured by dosemeters exposed on the front of the phantom; the corresponding standard
deviations are acceptable (about ±30%).

The performance criteria proposed by the IAEA Panel^ recommend that the dosimetry system must
be capable to give the neutron and gamma components of the dose with an uncertainty of less than
25%. In Table 1 it can be seen that only for neutron measurements in air (free evolution, bare and
lead shielded reactor configurations) participants satisfy to the recommended criteria. For the other
cases they do not meet this requirements.

22 IS

I

1 !

B14 B15 620 C22 C26 D35 D42 E44 F2
1Mb. mimbar and doalmatrlc tochnlqua

A7 A9 D38

Fig. 5 Neutron kerma (Kn) in air. Participants' results normalised to reference measurements.
Participants are identified by their laboratory code letter.
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Fig. 6 Neutron recoil dose (Dn) on phantom. Participants' results normalised to reference
measurements. Participants are identified by their laboratory code letter.
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Fig. 7 Incident gamma ray dose (Dy) in air. Participants' results normalised to reference
measurements. Participants are identified by their laboratory code letter.
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Fig. 8 Total gamma ray dose (Dry) on phantom. Participants' results normalised to reference
measurements. Participants are identified by their laboratory code letter.
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Table 1 Comparison of mean doses derived from participants' dosemeters with reference
measurements and performance index

Quantities
Bare reactor - Free evolution

(1.25 E+17 fissions) t=35 s

Lead shield - Steady state

(0.72 E+17 fissions) t=2060 s

Lead shield - Free evolution

(1.54 E+17 fissions) t=44 s

Ref. Mean / Ref. Perf. Ref. Mean / Ref. Perf. Ref. Mean / Refer.

*n: number of results

Perf.

Free-air

Kn
Dn
Dny
Dy

Phantom

Kn
Dn
Dny
Dty

(Oy)

1.65
1.83
0.43
2.49

1.65
1.83
0.43
2.92

ratio

1.06
1.13
1.29
0.86

1.00
1.04
0.99
0.81

SD(%)

15
13
38
19

28
23
58
27

n*

11
7
6
12

13
20
10
26

1.00
1.00
0.50
0.92

0.77
0.90
0.30
0.85

(Gy) ratio

0.79
0.85
0.21
0.14

0.79
0.85
0.21
0.36 (

1.29
1.24
1.34
.72

.13

.24

.02
).98

SD(%)

41
17
53
40

60
52
62
40

n*

11
7
7
13

14
19
10
26

0.73
0.71
0.43
0.31

0.57
0.58
0.30
0.73

(Gy)

1.68
1.80
0.46
0.30

1.68
1.80
0.46
0.75

ratio

1.08
1.12
1.05
1.63

0.99
1.09
0.89
1.00

SD(%)

14
16
49
46

35
40
52
32

n*

11
6
6
14

15
20
11
25

1.00
1.00
0.33
0.36

0.60
0.60
0.45
0.72

3.2. Biological dosimetry
An increasing variation of dicentric yield per cell was observed between participants with
increasing damages. Doses were derived from the observed dicentric rates according to the dose
effect relationship provided by each laboratory. Differences in dicentric rate values are more
important than in corresponding dose values. These doses obtained by the participants were found
in agreement with the given physical dose within 20 %.
The evaluation of the respective gamma and neutron dose was achieved only by four laboratories
with some small variations among them (Figure 9). The results are summarized in Table 2. The
performance index was found over 0.5 for neutron dose evaluation, equal to 1 for gamma dose for
scenario 1 and less than 0.25 for configurations 2 and 3. This emphasizes the difficulty of the
assessment of a gamma dose in a mixed field when the neutron dose is much higher than the
gamma dose.

D Dty gamma dose
ED Dn neutron dose

1.5

f 1

Lab Id

Scenario 1

10 12

Lab Id

Scenario 2

4 10 12 13
Lab Id

Scenario 3

Fig. 9 Biological dosimetry: comparison of dose decomposition
using neutron and gamma dose effect relationships for each scenario

Scenario

n°l
(bare)

n°2
(lead)
n°3

(lead)

Table

Dose

Dn

D*
Dn

D*
Dn

D*

2 Summary of results obtained with biological dosimetry systems

Mean estimated
dose (Gy)

2.30 ± 0.45

2.75 ± 0.56
1.01 ±0.17

0.20 ± 0.03
2.25 ± 0.60
0.42 ±0.12

Mean estimated dose /
reference dose

1.26
0.94
1.19
0.55
1.25
0.56

Standard
deviation (%)

17

18
15
15
23
25

Performance
index (± 25 %)

'0.5
1

0.75
0

0.5
0.25
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4. Conclusion
This intercomparison study involved a total of 60 laboratories from 29 countries and provided
participants with a practical training opportunity to test under realistic conditions their dosimetry
systems for three different quality radiation fields. Both physical and biological dosimetry was
studied. The objectives of this intercomparison were widely achieved and have demonstrated the
absolute necessity to perform periodic tests of criticality accident dosimetry. Participants have got
the opportunity to improve their techniques of measurements arid to evaluate the performance of
their dosimetry systems through controlled irradiations in the well-characterised fields of two
facilities.
The overall analysis concludes to a fairly good agreement between the results obtained in
comparison with the reference measurements for the neutron and gamma ray. In the case of
physical dosimetry, for neutrons, the performance was on average 0.80; that means that 80% of the
results were within ±25% of reference dose values. For free air incident gamma ray doses, typically
71% of the results were within ±25% for bare reactor configuration but only 34% for lead shielded
configuration. In the case of biological dosimetry, some variations in gamma/neutron participation
to the dose are observed between laboratories. They result of both dicentric scoring variations and
in the neutron and gamma ray dose effect relationship variations. The variations are less important
for gamma than for neutrons
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6.1 Long-term alteration of cementitious materials

Daisuke SUGIYAMA, Tomonari FUJITA, Taiji CHIDA and Masaki TSUKAMOTO
Nuclear Technology Research Laboratory, Central Research Institute of Electric Power Industry

2-11-1, IwadoKita, Komae-shi, Tokyo 201-8511, Japan

Long-term alteration of cementitious materials in the geological condition has
been discussed for the safety assessment of radioactive waste disposal. This paper
describes the status of understanding long-term chemical alteration of cement, by
reviewing some of our investigations on this issue in which we developed a
thermodynamic incongruent C-S-H dissolution/precipitation model and a reactive
transport calculation code. Alteration of C-S-H gel in a saline groundwater and the
change of chemical barrier performance of cementitious materials due to the
alteration are also discussed. Some key issues to be discussed further are given and
suggested for the future studies on the long-term alteration of cementitious
materials in the repository environment.

KEYWORDS: Cementitious materials, Radioactive Waste Disposal, Long-term
alteration, C-S-H gel, Thermodynamic model, Incongruent dissolution, Sorption

1. Introduction

Cementitious material, a potential waste packaging, backfilling and constructing material for the
disposal of radioactive waste, is expected to provide both physical and chemical containment. In
high-pH condition provided by leaching of components of cement hydrates, the solubility is low and
the sorption distribution ratio is high for many radioactive species, so that the release of radionuclides
from radioactive wastes should be restricted. Also, physical properties of cement material such as low
permeability and low diffusivity in the matrices would reduce the migration of radionuclides from the
cementitious repository.
In the geological condition, cement materials would alter due to some reactions; for example,
dissolution into groundwater, secondary mineral formation by chemical component in groundwater
and waste, etc. The containment properties of cement materials would be affected by the alteration
reactions. Also, leached high pH solution with alkaline components from cement materials would
affect the physical and chemical properties of bentonite and surrounding rocks. Therefore, for the
safety assessment of radioactive waste disposal, long-term alteration of cementitious materials has
been studied. In particular, chemical reactions are most important since most of the containment
properties of cement materials would be affected by the chemical alteration reactions. In this paper, the
status of understanding long-term chemical alteration of cement is discussed by reviewing some
studies in CRIEPI.

2. Leaching of cementitious materials

2.1 Modelling of the incongruent dissolution/precipitation of calcium-silicate-hydrate

For the long-term performance assessment, it is necessary to develop predictive calculation models of
the behaviour of the repository system. Several models1"3* have been proposed to describe the
incongruent dissolution of calcium silicate hydrate (C-S-H) gel, which is the principal product of
hydrated cement phases and dominate the chemical conditions in the cementitious repository. We also
developed a thermodynamic dissolution and precipitation model which is suitable for the performance
assessment calculations4*. In this model, C-S-H is described as a simple binary nonideal solid solution
of Ca(OH)2 and SiO2 over the entire range of Ca/Si ratio. In this model, log K values of the model
end-members of the solid solution are given as a function of Ca/Si ratio of C-S-H4):
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logKs =
l + y

logKs0 -
l + y

(2)

(y = Ca/Si of C-S-H)

at Ca/Si < 0.461, logKs = logKs0 - log(l + y)

at 1.755 <Ca/Si, logKs =-7.853, logKc =22.81

logKs0 =-2.710, logKc0 =22.81

Table 1 Fitted values of empirical parameters4*

End member

Ca/Si < 0.833
Ca/Si > 0.833

SiO2

-18.623
-18.656

AA

57.754
49.712

A*
-58.241
25.033

Ca(OH)2

Ada
37.019
36.937

AA

-36.724
-7.830

A*
164.17

-50.792

The fitted empirical parameters (4y) are shown in Table 1. The notable features of the model are its
good continuity and simplicity, so that the model predicts well the equilibria of the incongruent
precipitation/dissolution of cementitious materials accompanying the change of Ca/Si ratio by iterative
numerical calculation4*. It should be noted that the parameters in Table 1 are valid only in conjunction
with the thermodynamic database HATCHES5) (ver. NEA14) used for fitting. If another or modified
thermodynamic data were employed, log K as a function of Ca/Si ratio should be recalculated using
the same procedure described in the report4).

2.2 Development of a coupled chemical-mass transport code

The proposed incongruent C-S-H dissolution/precipitation model was coupled with a compartment
transport model to develop a reactive transport computational code to evaluate the long-term alteration
of cementitious disposal facilities. This code involves the geochemical code HARPHRQ and the
proposed C-S-H model is added to calculate the incongruent dissolution and precipitation, by iterative
calculations6*. It employed a simple compartment transport model of diffusion and advection, and the
transport model was coupled with the chemical calculation by two-step technique6*. The developed
code is called as CCT, a Coupled Chemical equilibria-mass Transport code.
To verify the applicability of the model and calculation code, flow-through experiments were carried
out and the distribution of compositions in solid and aqueous phases was observed7*. Distilled water
flowed through column which was filled with crushed OPC hydrate. After the flow-through
experiments, the column cement sample was divided into 7 pieces along the water flow and the
mineral composition was analysed by XRD and TG/DTA. The distribution of the pore water
composition was estimated by equilibrating the each part of solid with water75. The experimental
design and the results are shown in Figure 1. The dissolution front of portlandite (Ca(OH)2) moved
downstream as the quantity of water through column increased, that means constituent minerals in
cement dissolved from upper part of the column.
The experimental results were well predicted by modelling calculation using CCT code as shown in
Figure 1, therefore, the proposed model and CCT code are appropriate to the predict the long-term
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alteration of cementitious system.

2.3 Preliminary discussion of the use of a low alkalinity cement

Leached high pH (>12.5) solution with alkaline components would leach from cement materials and
alter the physical and chemical properties of bentonite and surrounding rocks. In order to reduce the
effect of cementitious plume, some low-alkalinity cements have been proposed. We preliminary
discussed a composite conceptual design using OPC and a low-alkalinity cement as shown in Figure 2
by modelling calculation using CCT^. In this preliminary calculation, HFSC (Highly containing
Fly-ash and Silica fume Cement9)) was considered as a candidate of low-alkalinity cement material.
The calculation results in diffusion condition are shown in Figure 2. It is suggested that the Ca leached
from OPC region (with high Ca/Si ratio) precipitated in the low-alkalinity cement region (with low
Ca/Si ratio), so that the migration of high pH solution from OPC could be retarded and it would be
expected to contribute to diminishing the chemical interaction with bentonite and rock8).

3. Alteration of C-S-H gel in groundwater

In the presence of some reactive ions in a saline groundwater, the chemical properties of cement
materials should be affected.
The mechanism of sorption of sodium (Na) on C-S-H and the effect of sodium chloride (NaCl)
concentration on dissolution of C-S-H were discussed by measuring the sorption isotherm of Na onto
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C-S-H gel (Ca/Si = 0.65 ~ 1.2)10). The initial and equilibrated aqueous compositions were measured in
the sorption experiments and it was showed that Na sorbed by substitution for Ca in C-S-H phases by
examining the mass balance, and the leaching of Ca from C-S-H was enhanced in NaCl solution (< 6.2
x 10"1 mol dm"3) due to the substitution of Na and Ca. The experimental results are shown in Figure 3.
Based on the experimental results, a modelling approach was developed in which the ion-exchange
model was employed and the presence of some calcium sites with different ion-exchange log K values
in C-S-H was assumed by considering the composition and the structure of C-S-H10).
The results of sorption experiments were reasonably well modelled by the proposed model as shown
in Figure 3. It was also suggested that the dissolution of C-S-H could be modelled reasonably well by
considering the effect of ionic strength on activity coefficients of aqueous species for high Ca/Si ratio
of C-S-H, and the effect of exchange of sodium with calcium of C-S-H on leaching of Ca becomes
obvious for lower Ca/Si ratio of C-S-H10).

4. Change of the chemical containment property of cementitious materials

Once the composition or crystallinity of the cement constituent minerals is changed by alteration in the
disposal environment, its sorption ability might be affected.
Leaching experiments were carried out for OPC and HFSC to provide so-called 'degraded' cement
hydrate samples by leaching in water, followed by sorption experiment of thorium onto them10. In the
leaching experiment, portlandite, which is a constituent mineral of hydrated cement, was dissolved and
the specific surface area of cement samples was increased by alteration. It was observed that the
sorption distribution ratios of thorium onto so-called 'degraded' cement hydrates were higher than on
freshly cured ('undegraded') hydrated cement samples as shown in Figure 4, which appear to be due
to the increase of the specific surface area of those. The result shows that the alteration of cement
hydrates by dissolution of components does not cause changes which could decrease the sorption of
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thorium onto hydrated OPC and HFSC. Therefore, from the view of chemical barrier performance, we
could say that the 'altered' cement was not necessarily 'degraded'. It can be suggested that we have to
be careful about the terminology in the performance assessment of long-term radioactive waste
disposal.

5. Summary and concluding remarks

As reviewed in this paper, some key chemical reactions have been understood to discuss the long-term
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alteration of cetnentitious materials in the geological repository condition. But we should still discuss
the long-term evolution of both chemical and physical properties of cement in the repository
environment.
Formation of secondary phases and kinetics of some key reactions in the repository condition are still
open to discuss, and alteration of hardened cement materials should be discussed further, including the
change of mass-transport and hydraulic properties of cementitious solid due to chemical reactions. It
has been suggested that precipitated calcite reduces porosity and decreases the hydraulic conductivity
by Pfingsten12). Also we could suggest that fine C-S-H precipitation in pores may affect the physical
properties of cement. However, we have not got enough data on these and further R&D should be
needed to discuss the long-term alteration of hardened cementitious materials in the repository
environment.
It could be also discussed further alternative designs to reduce the long-term evolution of repository
environment including cementitious facilities. It is suggested we would be able to connect and
integrate the safety assessment modelling and construction of appropriate safe repository, by our
continuous further studies and discussion on these issues.
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6.2 Long-term Alteration of Bentonite
-for Safety Evaluation of Deep Geological Disposal -
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For the prediction of the long-term variations in hydraulic conductivity of compacted
sand-bentonite mixtures, long-term alteration of bentonite should be quantified based on
information accumulated by using the compacted or powdered bentonite materials, with
batch experiments or column experiments. In this study, we summarized available
information obtained from various experimental systems, and proposed functional and
effective integration of experimental approaches to quantification of bentonite alteration.
Alteration experiments with compacted bentonite mixtures can supply the reliable data in
the actual disposal repository. On the other hand, column and batch experiments with
powdered bentonite are effective approaches to provide more basic knowledge of the
alteration.

KEYWORDS: Cement, Bentonite, Hydraulic conductivity, Buffer material,
Alkaline solution, Safety evaluation, Long-term alteration, Geological disposal

1. Introduction
Alteration of bentonite is necessary to be taken into account in long-term safety assessment of

deep geological disposal. Cement materials will be extensively used in geological repositories of
radioactive wastes for structural liner, mechanical plug, encapsulation, backfilling, and grouting
purposes. Degradation of the cement materials will induce highly alkaline environments ranging
over pH13. Such highly alkaline pore water is likely to dissolve and to alter montmorillonite, the
main constituent of bentonite buffer materials. The dissolution and the alteration possibly
deteriorate the physical and/or chemical properties of the buffer, particularly hydraulic conductivity.
It is important to predict the long-term variations in hydraulic conductivity of compacted
sand-bentonite mixtures that will be used in repositories, and for this reason, long-term alteration of
bentonite has to be quantified. In this paper, we summarize recent available information covering
various experimental systems, and propose functional and effective integration of experimental
approaches to predict long-term alteration of bentonite.

2. Experimental Approach to Understanding the Alteration
The dissolution of clay minerals including montmorillonite and the subsequent formation of

secondary minerals have been the subject of numerous studies1^, in which compacted sand-bentonite
mixtures were not used. The purpose of our investigation is to predict the time- & space-dependent
hydraulic conductivity of compacted sand-bentonite mixtures under radioactive waste disposal
conditions. Figure 1 shows our research frame on bentonite alteration and prediction process of
hydraulic conductivity of altered bentonite. Experimental parts consist of the alteration experiment
to determine the dissolution rate of montmorillonite, the alkali diffusion experiment to quantify the
diffusivity of alkaline elements, and the hydraulic conductivity measurement to obtain the hydraulic
conductivity. By using the experimentally quantified information, a coupled
mass-transport/chemical-reaction code is developed to predict hydraulic conductivity variation.
Long-term hydraulic conductivity measurements will be conducted to partly verify the code. The
prediction of the time- & space-dependent hydraulic conductivity helps estimate the long-term
performance of the bentonite buffer materials.

In this research frame, the effect of highly alkaline water on the dissolution rate is the dominant
part. Dissolution is affected by various physical and chemical factors. Many of previous studies
have discussed the alteration of bentonite based on conventional batch experiments of mineral
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dissolution. We use compacted specimens in our experiment to measure dissolution of minerals in
bentonite. This is because it reflects repository conditions such as use of compacted bentonite and
groundwater that is nearly saturated with respect to silicon and aluminum.

ration Experiment
dissolution rate:

Alkali Diffusion Experiment
diffusivity.ixx,..)

\ Coupled Mass-transport/
Chemical-reaction Analysis

mass of montmorillonite Mjx, t)

J.
Prediction of time

& space-dependent hydraulic
conductivity: k(x, t)

Hydraulic conductivity Measurement
hydraulic conductivity. *(M,...)

Fig. 1 Research frame on bentonite alteration and prediction process of hydraulic conductivity of
altered bentonite.

3. Alteration Experiment Using Compacted Sand-bentonite Mixtures
The dissolution rate of montmorillonite was obtained through a time-dependent variation in the

quantity of montmorillonite in sand-bentonite mixtures. Please refer to elsewhere for details of the
experiments4)>5). The mixtures of Na-type bentonite and silica sand of two different grain sizes
(0.1-0.85 mm, 0.85-2 mm) were compacted to cylindrical specimens of 20 mm in diameter and 10
mm in thickness.

Si- and Al-saturated
NaOH solution

Teflon® container

Specimen holder

Specimen:
Compacted sand-
bentonite mixture;
20 mm<|> x 10 mmt
1.6 Mg nr3

Fig. 2 Alteration experiment.

The mixture ratio of the bentonite and silica sands was 70:15:15 in dry weight. The density of
the specimens was 1.6 Mg/m3. Alteration experiments using compacted specimens require much
longer time periods than those using uncompacted materials. Temperatures were selected to be 50 °C
to 170 °C, and the concentrations of OH" were 0.1 to 1.0 to observe montmorillonite dissolution over a
reasonable time period. The results will be extrapolated to repository conditions. A specimen set
in the holder in a Teflon® container, schematically shown in Fig. 2, was contacted with 0.08 dm3 of
pH-adjusted, simulated alkaline, saline groundwater. The simulated groundwater was prepared by
equilibrating NaCl-NaOH mixed solutions of the Na concentration of 1 M with uncompacted
bentonite under the same temperature (50 to 170°C) as those employed in the alteration runs for the
equilibration period of 4 to 8 weeks. The container assembly was placed in a sealed stainless steel
container and kept at desired temperatures in ovens. Each of the assembly was taken from the oven
at the fixed sampling time and the compacted mixture specimen was removed from the holder,
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freeze-dried at -110°C, and the amount of montmorillonite that remained was determined by the
methylene-blue adsorption titration method.

Experimental results are shown in Fig. 3. The amount of montmorillonite in the compacted
sand-bentonite mixtures decreased linearly with time in a few days to several months under the
employed conditions of pH and temperature. The dissolution rate Rf, of montmorillonite can be
determined from the slope of each linear decrease. The RA is a function of OH' activity and
temperature, and can be expressed as

e
-51000/RT

where R the gas constant (8.314 J/mol/K).
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Fig. 3 Dissolution curves of montmorillonite in compacted sand-bentonite mixtures.

Data obtained from the experiments using compacted sand-bentonite mixtures reflect the
repository conditions and complex dissolution phenomena under the repository conditions, such as

- ionic saturation degree of pore water,
- ionic activity in pore water,
- effective reaction surface area,
- diffusivity of ions, and
- spatial heterogeneity in the alteration process.

The major difficulty is that the experimental conditions under which the dissolution phenomena can
be quantified are very limited for example; OH" concentration higher than 0.1 M. Extrapolation to
repository conditions is necessary, which requires thorough understanding of the mechanisms such as

- alteration mechanisms and
- dominant reaction (Rate-limiting) process.

It is, however, generally difficult to understand the mechanisms based on the experiments performed
in complex system because of difficulty in

- establishment of steady condition through experimental period and
- understanding pore water compositions such as activity of OH".

Supporting data or knowledge is necessary to extrapolate the results obtained from experiments using
compacted bentonite to the repository conditions.
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4. Alteration Experiment Using Powdered Bentonite
There are many studies on alteration experiments using powdered bentonite. The dissolution

rates obtained from our experiments using compacted sand-bentonite mixtures were compared with
previous data from the conventional experiments.

The first type of experiment is a batch system. Figure 4(a) shows the dissolution rate obtained
from batch dissolution experiments by Bauer & Berger, in which dissolution rates for smectite were
obtained in hyperalkaline solutions at 35 °C and 80 °C 2). Our dissolution rates of montmorillonite
obtained for compacted sand-bentonite mixtures in [Mg-montmorillonite/m3-bentonite/s] were
converted to [mol-Si/m2/s] using the SiO2 content in the montmorillonite and the specific surface
area5).

The second type is a flow-through system. Figure 4(b) shows the dissolution rates obtained
from flow-through column dissolution experiments, in which purified smectite (Kunipia-P® provided
from Kunimine Industry, Co., Ltd.) was reacted at pHs of 7-13 and a constant temperature of 30, 50 or
70 °C by using stirred-flow Teflon® reactors with long cylindrical shape in glove box filled with N2

gas atmosphere3).
The dissolution rates of montmorillonite that we obtained for compacted sand-bentonite mixtures

are lower than those obtained from conventional batch and flow-through column dissolution
experiments using powdered bentonite by one order of magnitude or more. The dependence on the
concentration of OH" is higher for compacted sand-bentonite mixtures than that in the previous
dissolution experiments.

1
"o

CO

50

11

12

o 13

14

Bauer, 80°C
Bauer, 35°C

• This study, 80°C
• This study, 35°C

-1.5 -1 -0.5 0 0.5 1

log [OH"] (M)

(a) Batch experiment

Our data were converted into [mol-Si
nr2 s-1] unit and compared with the
data from batch dissolution
experiments by Bauer & Berger (1998).
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from flow-through column dissolution
experiments by Sato et al. (2004), using
pure montmorillonite.

Fig. 4 Comparison between dissolution rates of montmorillonite obtained in this study using
compacted sand-bentonite mixtures and previous studies using powdered bentonite.

The dissolution of montmorillonite in compacted sand-bentonite mixtures is likely to result from
some different reactions/processes from those occur in the conventional, far-from-equilibrium
dissolution experiments using bentonite and/or mineral powders under extremely low solid/liquid
ratio. The differences are such as;

- expansion degree in inter-layer of montmorillonite,
- ionic activity,
- effective reaction surface area, and
- diffusivity of ions.
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The conventional dissolution experiments can
- control dissolution conditions such as pH and solution composition,
- keep the steady-state conditions during the experimental periods,
- perform parametric studies,

and therefore can provide available data in interpreting individual equilibrium and kinetics of
reactions occurring in the system.

5. Approach toward the Next Stage

For understanding of alteration mechanisms, we will continue data accumulation by batch
system with compacted sand-bentonite mixtures to clarify;

- contributions of secondary mineral production,
- effective reactive surface area,
- ionic saturation degree in the pore water, and
- OH" activity in the pore water.
Additionally, for verifying data and model on the alteration, we started a long-term alteration

experiment by flow-through column system with compacted sand-bentonite mixtures.

Our Approach

Batch experiment with
compacted bentonite mixture

- Reliable data and model
construction for the repository

- Understanding alteration
phenomena in complex system

I Flow-through column experiment with
[ powdered bentonite or montmorillonite
- Reliable data and model in controlled steady

condition, such as the degree of saturation
- Understanding alteration mechanisms in

simplified pure system

Batch experiment with powdered
bentonite or montmorillonite

Modeling and Coding

- Acumination of much mechanical
information

- Discussion on alteration mechanisms
in various conditions

Natural analogue

- Confirmation of reliability of
the prediction methodology

- Understanding integrated
long-term phenomena

Flow-through column experiment
with compacted bentonite mixture

- Validation of the prediction methodology

Safety Evaluation of Deep Geological Disposal

Fig. 5 Research structure for evaluating long-term alteration of bentonite.

Figure 5 shows generic research structure for evaluating long-term alteration of bentonite. Our
approach is mainly based on the batch experiment with compacted bentonite mixtures. For
modeling and coding to apply into the "Safety assessment of deep geological disposal", we should
integrate information obtained from demonstrative column experiment data and natural analogue data.

6. Concluding Remarks
We summarized distinctive features of various experimental systems, and proposed functional

and effective experimental approaches to prediction of bentonite alteration. Alteration experiments
with compacted bentonite mixtures are expected to supply reliable knowledge on overall alteration
process in the actual disposal repository. On the other hand, flow-through column and batch
experiments with powdered bentonite are effective approaches to understand scientific basis of the
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alteration.
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In order to understand a key reaction process of geophysical impacts of alkaline
groundwater, both the change of permeability and the dissolution rate of solid phase have
been examined in highly alkaline condition of about pH 13, using a column packed with
amorphous silica particles. The experimental results showed that the change in fraction
dissolved with time strongly depended on a flow-rate and a flow-direction. However, in the
relation between the permeability and the fraction dissolved, the permeability did not
change in the range of up to 0.35 in fraction dissolved. The SEM images of particle surface
showed that the inner pores of particle increased in size. This suggested that, in this range of
fraction dissolved, the porosity between particles is almost retained, while each particle
dissolves mainly through its inner pores. Moreover, the dissolution rate in the column flow
system was considered as being remarkably limited by diffusion process, in comparison
with that estimated from the batch test.

KEYWORDS: Alkaline Groundwater, Amorphous silica, Dissolution Processes,
Permeability, Surface alteration

1. Introduction

A main concern about the use of cementitious material is continuous alteration in the physical and
chemical properties of the near field of the repository. Of them, the change of permeability is a key factor
to estimate reliably the release rate of radionuclides from the repository. So far, the dissolution rates of
minerals have been examined mainly through batch test in consideration of various geochemical
conditions, although the data are limited in the range of high pH condition such as 13. However, we may
not be able to directly apply such data to the estimate of the change of permeability, because it is not clear
how the solid surface with dissolution process affects the change of permeability. As an geophysical
impact by alkaline groundwater, this paper focuses on both the change of permeability and the dissolution
rate of particles in highly alkaline condition, through some experiments l'3' of silica minerals.

In basic solution, the important factor governing the dissolution rate of silica is considered to be the
drastic increase in the concentration of the negatively charged surface species, [=Si-O"]u3). When the silica
is in contact with water, the surface interaction can be described by =Si-O-Si=+ H2O —> 2(=Si-OH), where
=Si-O-Si= represents a part of SiC>2 framework 4"5). In basic solution, =Si-OH changes into =Si-O',
depending on [OH"]. Brady and Walther 6) found from the dissolution rates of quartz that the rates are
nearly proportional to [=Si-O']. This fact suggested that the surface deprotonation (i.e., the formation of
=Si-O") leads to highly polarized interatomic Si-0 bonds and thus facilitates the detachment of Si into the
solution. Allen et al. ̂  conducted the pH titration of suspended amorphous silica, and confirmed that above
pH 12, almost all surface sites are present as =Si-O' sites. These facts are important factors to understand
the dissolution processes of silica minerals.

2. Experimental

* Corresponding author, Tel. +81-22-217-7914, Fax. +81-22-217-7914, E-mail: yuichi.niibori@qse.tohoku.ac.jp
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2.1 Batch Test.U)

2.1.1 Samples
The dissolution processes in high pH solutions have been examined using three kinds of commercial

silica gel and a silica scale. Here, the latter is collected from Onuma geothermal field as a natural sample
of amorphous silica. While highly alkaline plume mainly results from the dissolution of Ca(OH) 2 in
cement, this study used 10'1 mol dm"3Na0H solution to avoid side reactions caused by Ca2+ and to keep
[=Si-O'] constant at the surface. In this solution, [OH"] was considered to be constant (=0.1 M), since
sufficiently small amounts of the samples were used in the experiments so that the amount of proton
released by the dissolution could be neglected as compared with that of OH" in the solution.

Table 1 gives three kinds of pure amorphous silica used in this study, as well as some of their
physical/chemical properties. All of their X-ray diffraction patterns showed amorphous feature. Since
Mallinckrodt silica was purchased as powder of 100 mesh under and contained small granules or coherent
aggregates of submicron particles, a size fraction of 74-149 urn particle diameters was separated by
sieving. While, the particle sizes of the Wako-gel C-200 and LC-50H are in the given diameter ranges
without sieving. Specific surface areas were estimated through BET method using N2 gas.

Table 1 Pure amorphous silica samples examined in this study

Samples
Particle diameter [um]
Specific surface area [m2/g]
Apparent specific gravity [g/cm3]
- H2O (TG, up to 378K)
+H2O (TG, from 378K to 1073K)

Wako-gel C-200
74-150

450
2.2

SiO2 0.41H2O
SiO2 0.23H2O

Wako-gel LC-50H
50

450
2.2

SiO20.51H2O
SiO20.18H2O

Mallinckrodt silica
74-149

350
2.0

SiO2 0.86H2O
SiO2 0.38H2O

-H2O and +H2O indicate the water contents obtained by thennogravimetry (TG), where -H2O refers the molar amount of H2O per SiO2 lost by

heating from room temperature to 378 K (sorbed water), while +H2O by heating from 378 K to 1073 K (essential water).

As an amorphous natural silica, this study examined the silica scale collected from the inside wall of the
hot-water pipe at Onuma geothermal power plant located in Akita prefecture, Japan. Its chemical
composition indicated that SiO2 was rich, and the weight ratios of Al2Oj/ SiO2 and CaO/ SiO2 were in the
ranges from 0.03 to 0.15 and from 0.01 to 0.05, respectively. The X-ray diffraction pattern showed only
the amorphous feature. This natural sample is referred to as Onuma silica scale. As for the specific surface
area, BET method by N2 gas and the air permeability method indicated 1.2 m2g"' and 0.95 m2g"\
respectively, for Onuma silica scale. The latter method is based on Kozeny-Carman equation relating the
surface area with the residence of air-flow through the bed packed with the particles. These estimated
values around 1 m2g"' are very small as compared with the other pure samples shown in Table 1. The
agreement of the specific surface area by the BET method with that by the air permeability method
suggests that Onuma silica scale has little inner pores in the particle. For the water contents, TG showed
that -H2O was 6.3 wt% and +H2O was 8.6 wt%, where wt% was adopted because the sample was not pure.
(If pure, 8.6 wt% corresponds to SiO2*0.31H2O for +H2O. This value is almost similar to those for the
other pure samples). The specific gravity was 2.1 g cm'3.

2.1.2. Procedure
Purified nitrogen was continuously passed through the vessel to avoid contact with air. The

polyethylene vessel with the cover has a fluid volume of 500 cm3. The alkaline solutions were prepared by
dissolving analytical reagent-grade sodium hydroxide in distilled water. The concentration,, i.e., the initial
[NaOH], was always set at 10'1 mol dm'3 in each experiment. This alkaline solution was put into the vessel
and mechanically stirred with a polypropylene stirrer. The vessel was submerged into the thermostat. The
temperature was kept constant within ±0.5 K of sufficient precision. Weighed amount of the pure silica gel

- 1 1 2 -



JAERI-Conf 2005-007

(100 mg) or the crushed silica scale (200 mg) was then introduced into the vessel, and aliquots (less than 9
cm3) were periodically taken for analysis. After the samples had been filtered through the membrane filter
of pore size 0.45u, the amount of soluble silica was determined photometrically by the yellow
silicomolybdate method. The values of initial and final pH were measured to confirm its constancy.

To estimate the dissolution rates, the dissolution experiment should be carried out under such condition
that the concentrations of dissolved silica are always well below the solubility limit. Since the solubility of
the amorphous silica at pH>9 could not be determined with sufficient precision due to its strong
dependence on [OH"]5), the rates of dissolution into the solutions containing various initial concentrations
of soluble silica were compared. In the results, the experiments were carried out under the condition
sufficiently lower than the solubility limit. Also, we can recognize that the amount of proton liberated
through the dissolution of SiCh does not give any appreciable change in the dissolution rate. The stirring
rate 8.3 s"1 (500 rpm) was selected by judging from the preliminary experiments. The dissolution is not
affected by increased stirring from 1.7 s'1 (100 rpm) to 16.7 s"1 (1000 rpm) over the whole range of the
fraction dissolved. The importance of diffusion processes through a film between the bulk and the solid
surface is frequently pointed out in some water-rock interactions. However in this case, the reaction at the
surface silica is slow in comparison with the diffusion processes. Then, the whole dissolution process is
controlled by the reaction at the surface. Under such a condition, the concentrations of solutes adjacent to
the surface can be considered to be the same as the bulk solution.

2.2 Column Test2*

2.2.1 Samples
The column (19 mm in length and 9 mm in inner diameter) was packed with the amorphous silica particles

sieved to 75-150 urn and deaerated in the pure water. The amorphous silica particle was purchased from
Mallinckrod Co. Its physical property is the same as in Table 1.

2.2.2 Procedure
Figure 1 shows an illustration of experimental apparatus. The NaOH solution (0.1 M) was injected

continuously into the packed bed. Before that, the pure water was injected continuously into the bed, and
the permeability was monitored. After the permeability becomes stable, the injected fluid was changed
from pure water to the NaOH solution. The flow rate was in the range of from 0.33 to 1.35 mm/s. When
the flow rate is 1.35 mm/s, the mean residence time was about 5.6 seconds estimated in the initial
condition. For the pH value of the eluted solution, the pH values attained to 13.0 within several tens
seconds after starting the injection of the NaOH solution into the column. Thus, the difference of the pH
values of the inlet and the outlet of the column was negligibly small. The chemical form of silica in the
eluted solution was confirmed to be not colloidal, but soluble silicic acid. Moreover, this study confirmed
that there is no solid particle in the eluted solution.

For the calculation of the permeability, Darcy's Law, u= -(k/p)<5p/dx is used, where u is the Darcy
velocity [m/s], k is the permeability [m2], /i is the viscosity of fluid [Pa-s],/? is the pressure [Pa], and x is
the distance along the flow-direction [m]. In order to show the dissolution behavior of silica out of the
packed bed column, this study defined the fraction dissolved:

[Q(t)C{t)dt

Mtotal

where C (0 [mol/L] is the concentration of the silicic acid in the eluted solution, Q (0[L/s] is the
volumetric flow rate. These values are the function of time t [s], respectively. Mtotai is the initial amount of
SiO2 [mol] in the column at t = 0. Therefore,/(0 is the ratio of dissolved silicic acid until time / to the
initial amount of SiO2 (silicic acid) in the column.
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Experimental apparatus
N5 gas atmosphere

Packed bed column

Sample collector

O.lMNaOH

Packed bed : 19 mm in length, 9 mm in inner diameter
Packed particles: 75 ~ 150 nm amorphous silica

(BET specific surface area : 350 m2/g)

Fig.l The illustration and the picture of the experimental apparatus.

3. Results

Figure 2 shows the dissolution rate constant and the SEM micrographs of Mallinckrodt silica at (a)/=0
and (b)/=0.7. The dissolution rate constant was estimated through the shrinking spherical particle model,
which assumes the effective surface area is decreasing with the dissolution. The estimated values of the
rate constant were normalized by the initial BET (N2) surface-area of each solid sample. (Here, the initial
BET surface area was assumed to be proportional to the effective surface area for dissolution processes.)
In the results, the rate constants, k, have a similar tendency against temperature, although Onuma silica
scale includes some degrees of A12O3 and CaO. From these results, the activation energy of dissolution
was estimated to be in the range of from 77 kJ/mol through 88 kJ/mol. Moreover, the SEM images clearly
indicate that the conchoidal fracturing patterns are retained through the dissolution process. If the rate
determining step is the diffusion process through the film, the shape of the grains would become round,
because the film thickness between the surface and bulk depends on the irregularities of particle-surface.
Namely, the thickness will be relatively thick on the concave surface and thin, in reverse, on the convex
surface. If the dissolution rate of particle is controlled by diffusion through the film, the concave surface
lags behind in dissolution, as compared with the convex surface. Such a local gap in dissolution rate will
make the particle surface round gradually.

- 10'

Natural Sample
0.03<Al,Oj/SiOj<0.15
0.01<CaO/SiO,<0.05

D Onuma

A M.JliQcirudt

Size 74~ 149 m
O WakoC-200
Size74~150#m
+ W*o LC-50H
Size 50 li m

Batch Test
N2gas atmosphere
[NaOH]=10-'M
Stirring rate (500 rpm)

1 0 3 / T ( K • ' )

The fraction dissolved,
/=0 /=0.7

time(nin)

Fig. 2 Arrhenius plot of the dissolution rate constant, k, and SEM Fig.3 Permeability and faction
images obtained from the batch tests.(Here/:fraction dissolved, dissolved against time.
which is the total amount of dissolved silicic acid (mol)
normalized by the initial amount of SiO2 (silicic acid) (mol).)

Figure 3 shows the permeability, k, and the fraction dissolved, f, with time at the column experiment.
Fig.3 also shows the result from the batch test. The dissolution rate of the column experiment is
remarkably smaller than that of batch test. Therefore, in the packed bed, the dissolution reaction of silica
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particles is limited by diffusion process. To confirm this assumption, this study examined the packed bed
with smaller particles (from 44 to 53 u in diameter). In the result, the dissolution rate for the bed packed
with small particles was larger than that with large particles (75-150 u in diameter). This means that the
surface area of particle, geometrically defined by the diameter, controls the dissolution rate. On the
contrary, in the batch test the dissolution rates depended not on the apparent particle size. Moreover, as
shown in Figure 3, there was a period where the permeability is mostly constant (t < 100 min in this case),
while the silica particles dissolved until 0.35 in/and flowed out of the column.

Figure 4 shows the relation of permeability to the fraction dissolved, f, for various experimental
conditions of flow rate and flow direction, where "upflow" means the injection of the NaOH solution from
the bottom side of the packed bed, "downflow" means the injection from the upper side of the bed, and
"horizontal flow" means that the column was placed horizontally and the fluid was injected into the one
side. As shown in Fig.3, the permeability is almost constant in the range of the fraction dissolved up to
0.35. Hereinafter, the range of the fraction dissolved up to 0.35 is referred to as "constant permeability
region", in this study.

20

, 4 - 15
B

> upflow, 1.35 mm/s

—O— downflow, 133 mm/s

—O— horizontal flow, 1.22 mm/s

• &- • downflow, 0.58 mm/s

- &- • horizontal flow, 033 mm/s

• —X— upflow, 1.20 mm/s (BMllpntide)

A

0.2 0.3/ 0.4 o.5 o.6 o.7 o.s betbre dsriuticn afer lOOnin
I 0.3S I traction dissolved

Fig.4 The relation between permeability to fraction Fig. 5 The SEM images of the amorphous
dissolved,/ silica particles

Figure 5 shows SEM micrographs of the amorphous silica surfaces at initial condition (before
dissolution) (left side) and after 100 min (right side). The experimental condition is the same as Fig.3. As
shown in Fig. 3, in the condition after 100 min, the value of/is smaller than 0.35, then the permeability is
in the constant permeability region. Fig.5 shows that the pore of 5-10 nm in size in the initial condition is
enlarged by the dissolution to 10-20 nm in the condition after 100 min. Figure 6 shows an illustration of
the dissolution process in the packed bed. In the constant permeability region, the geometric particle size
does not change and the porosity between particles is retained, while the dissolution proceeds mainly
through the inner pores of particle. As the result, the permeability does not change. On the other hand,
about the BET (N2 gas) specific surface area, its value after 100 min was not remarkably different from
that before dissolution. This may suggest that the particles dissolve in the region limited relatively close to
the geometric surface.

4. Conclusions

The experimental results showed that the change in fraction dissolved with time strongly depended on a
flow-rate and a flow-direction. However, in the relation between the permeability and the fraction
dissolved, the permeability did not change in the range of up to 0.35 in fraction dissolved. The SEM
images of particle surface showed that the inner pores of particle increased in size. This suggested that, in
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In this range offraction dissolved,
the porosity between particles is
almost retained.

Dissolution from
the geometrical surface

Dissolution from
the inner surface

hWhile, each particle dissolves
mainly through its inner pores.

Fig.6 An illustration of flow pattern with dissolution
processes.

Flg.2. Obicrved inrfftuti of taltltl u d aflet dltiolotioa of calelte In 0.11M

(HJ(i]Ag wluUoa: JO rpn . pH 4.98; [nLtlal(I); 0.3 miiiuwC2); 2

Blnnwi(3); 3 mtautMf*) ~ ~ .

Fig.7 AFM images of surface of calcite (Single
crystal) with dissolution processes8-*

this range of fraction dissolved, the porosity between particles is almost retained, while each particle
dissolves mainly through its inner pores. Moreover, the dissolution rate in the column flow system was
considered as being remarkably limited by diffusion process, in comparison with that estimated from the
batch test. While this study used the amorphous silica particles with inner pores, natural rock or mineral
also contains the part in which it dissolves locally and easily, as shown in Fig,78). Such an alteration also
affects sorption behaviors of radionuclides onto the surface of solid surface. Therefore, we may need more
reliable model to explain both the dissolution rate and the change of permeability, although the
Kozeny-Carman Equation linked with the shrinking spherical particle model yields a conservative result
for the estimate of permeability change2) in the performance assessment of the geological system.

This study suggested that the spatial area affected by alkaline groundwater is limited in permeability
change, although the geophysical impacts are not only dissolution processes. To understand more detail,
we need various information of alteration processes including the deposition/precipitation and the
behaviors of inorganic colloids 9). Such dynamic phenomena would be controlled by the fluid flow
velocities in the pores of host rock rather than Darcy flow-velocities.
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6.4 KEOPS and other VENUS experiments dedicated to the criticality safety of
a MOX fuel fabrication facility

Benoit LANCE '*, Paul VAN DEN HENDE \ Daniel MARLOYE \ Jacques BASSELIER \ Henri
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The qualification scheme of criticality computer codes for Pu bearing powders lies
upon databases which suffer from a lack of recent experimental results. As a MOX
manufacturer, BELGONUCLEAIRE is especially concerned by criticality safety and
would like to address such an issue by launching with SCK»CEN an International
Programme called KEOPS.

KEYWORDS: criticality, safety, plutonium, MOX, VENUS, KEOPS

1 MOX fabrication process and considered fissile materials

BELGONUCLEAIRE (BN) operates a mixed plutonium/uranium oxide (MOX) fuel producing
plant located in Dessel (Belgium). Since 1986, the plant is working at an annual capacity of 35-40 tons
of MOX, using a MIMAS fabrication process. MOX is manufactured by mixing plutonium oxide and
depleted or natural uranium oxide powders. The whole production line is installed in dry glove boxes,
i.e. water is strictly forbidden in the fabrication process. The plant is divided into several rooms
according to the successive process steps and the material involved :

- pure PuO2 powder,
- primary blend (Pu/(U+Pu) between 25 wt% and 30 wt%), obtained by mixing the depleted

uranium oxide powder with the PuO2 powder and adding some scraps (fabrication remnants),
- secondary blend (Pu/(U+Pu) < 10 wt%), obtained by mixing the master blend with depleted

uranium and adding some additives (ZnSt),
- green pellets, obtained by pelletizing the secondary blend,
- sintered pellets, obtained by sintering the green pellets,
- MOX rods, after setting the corrected pellets in the cladding.

It can be observed that the fabrication process leads to a progressive decrease of the Pu content,
whereas the oxide density is increasing. This has a direct impact on the intrinsic material reactivity and
allowable mass in each room or work unit.

2 Criticality safety management

As far as a dry process is considered, the criticality control ^ is achieved mainly by limitating the
mass of fissile oxide in each room and more specifically in each "work unit".

One distinguishes the fissile material that is moving throughout the glove boxes and the material
that is stored in dedicated storage rooms. In the first case, the fissile material can be found in various
geometrical configurations and at various densities, so that the authorized amount of fissile material is
determined with the very conservative safe mass (1-Dimension calculations) approach. For more
complex configurations wherein significant neutron coupling is suspected, and for storage structures,
safe geometry (3-Dimensions) calculations are performed.

2.1 Safe mass approach

* Corresponding author, Tel. +32-2-774-06-26, Fax. +32-2-774-06-10, E-mail: b.lance@belgonucleaire.be
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The safe mass is determined from the computation of reflected spheres (outer water layer of ~ 20
centimeters thickness). Pessimistic assumptions are taken for the plutonium content, the isotopic
composition, the density and humidity of the material. As far as the presence of any moderator is
forebidden is the fabrication process (dry process), it is not necessary to consider all moderation ratio
and a conservative moisture content in the powder is adopted.

From the critical radius a critical oxide mass is deduced, that is further affected by various safety
coefficients : the double batching of fissile material (0.5), calculation errors and heterogeneity effects,
and an extra arbitrary margin according to the licence prescriptions. Finally, a global multiplicative
factor of 0.43 is generally applied to the critical mass obtained by calculation.

Such a procedure is followed for each typical fissile material occuring in the MOX plant, so that
various critical and safe mass are deduced (see Figure 1) and are considered in the safety procedures.
It can be observed that, globally, the critical mass is progressively increasing along with the
fabrication steps, in account of the decreasing Pu content and decreasing intrinsic reactivity.

10000

Density effect
due to pellitizing
+ moisture and additives

1000

100

Industrial PuO2 Master blend Secondary blend Green pellets Sintered pellets

Fig.l Comparison of the critical oxide mass for the various fissile materials met in the MOX plant

2.2 Safe geometry approach

The safe mass approach can be very penalizing with respect to the production process or unsuitable
for specific installations such as a storage. In this case, a direct calculation of the k,.ff factor in a 3-
dimensional approach is prefered.

For the safe geometry calculations, besides the pessimistic assumptions on the fissile material, the
characteristics of the infrastructure (absorbing and reflecting materials) are also taken in a
conservative way in the model. The calculations are generally performed by means of Monte Carlo
codes which provide the effective neutron multiplication factor kf.ff with its standard deviation a.

The criterium k^r + 3o < 0.95 must be satisfied in both normal and accidental conditions. This
is compliant with the "double contingency principle". To this aim, variable density of water is always
considered to pursue the moderation optimum.

3 Databases for criticality safety

3.1 Databases used at BELGONUCLEAIRE

Criticality codes used at BN are validated against two kinds of databases : (i) experimental values
and (if) calculation values.

For experimental values, the well-known ICSBEP database 2) provides an interesting set of free-
access results, with various fissile contents, moderation ratios and geometries. Furthermore, BN uses
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results from proprietary programmes and International Programmes performed with the Belgian
VENUS reactor (see Table 1).

Table 1 Summary of the criticality programmes run with the VENUS critical facility since 1967

Year
1967-1978
1990-1992
1993-1995
1996-1998
1999-2000
2000-2005

.2003-2006

Project
Pu recycling

VIP
VIPO

VIPEX
IMP

REBUS-PWR
REBUS-BWR

Item
27 critical cores with Pu

PWR and BWR FA simulation
Void reactivity effect in MOX

Extension of VIP - PWR - Am241 effect
Critical cores with WG-MOX rods

Burnup credit for PWR UO2 and MOX
Bumup credit for BWR MOX

However, since neither the range of the moderation ratios nor the number of fissile systems are
sufficiently covered in such databases, comparisons against values calculated by other organisms are
necessary. Such calculations allow to deduce critical parameters (radius, volume, mass) vs. moderation
ratio for typical fissile materials and to determine two kinds of values of interest : the minimum
critical value and the critical value at low moderation ratio (m = H/(U+Pu) ~ 0), as they correspond to
two different criticality control levels, according to the possibility or not of moderator ingress.

3.2 Lack of MOX powder experiments and its specificities

The recent workshop on "The Need for Integral Critical Experiments with Low-moderated MOX
Fuels" underlined the lack of critical experiments. We showed3) that it would be desirable to complete
the existing experimental databases with criticality experiments involving low moderated Pu fissile
systems (PuO2, MOX, etc.), but also for moderation up to ~ 300.

Indeed, such fissile systems are affected by both calculation uncertainties and physical
uncertainties. Calculation uncertainties, evidenced by the dispersion between the calculated values
obtained by various codes, arise from both cross sections and methods implemented for resonance
treatment. The practical consequence would be a possible revision towards an increase of the
maximum allowable mass in the work units of a MOX fabrication plant, of about 20 %. Physical
uncertainties, in the other hand, come from the physical state itself of the powder, for which
conservative values of density and moisture must be considered.

Experiments involving Pu powders reveal to be a challenge, due to the nature of the fissile
material : containment of plutonium, physical uncertainties of the powder and quantity of powder
required to achieve criticality.

4 The KEOPS International Programme

4.1 General scope of KEOPS

KEOPS (Experimental Determination of K-effective on Various PuO2 - containing Systems)
attempts to provide an experimental database addressing such an issue.

The project considers the direct loading of powder cans inside the critical facility VENUS
(SCK>CEN), using an aluminium void channel in the central test region of the core. Several fissile
media are considered, in order to provide a clear demonstration of the material progressive loss of
reactivity and its simulation by the criticality codes. The fissile material are conditioned and
characterized so that physical uncertainties are kept within reasonable bounds.

4.2 Fissile material and conditioning

The fissile material (see Table 2) is foreseen to be conditioned at the BN MOX plant for the main
part. The powder is supposed to fill completely a stainless steel can called "S-pot". The use of a can is
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motivated by the representativeness of the industrial powder handling and by the easiness of filling
procedure. Once the powder put in the S-pot, it is extracted from the glove box by the bagging-in &
out method, so that the can is surrounded by 2 plastic bags. The whole is finally introduced inside an
overpack, which is the container to be loaded inside the VENUS vessel.

"S-pot"
dimensions:
H~20cm
0 ~ 10 cm

Pu powder in the "S-pot"

Fig.2 Picture of a « S-pot» and view of the final Pu powder packing

Table 2 Considered fissile materials for the KEOPS programme

Name

State

Average oxide density
Pu/(U+Pu) (w%)

U235/U (w%)
Pu vector (w%)

Pu238
Pu239
Pu240
Pu241
Pu242

Am241 (ppm)
Oxide mass in can (kg)

Pu mass in can (kg)
Oxide volume (L)

Industrial
PUO21

Powder

3
100
-

2.1
57.3
25.3
8.7
6.6

10000
5.1
4.5
1.7

Lab' PuO2

Powder

3
100
-

0.2
79.4
18.7
1.0
0.7

24000
5.1
4.5
1.7

Primary
blend

Powder

3.5
30
0.2

2.1
57.3
25.3
8.7
6.6

10000
5.95
1.6
1.7

Secondary
blend

Powder

3.0
9

0.2

2.1
57.3
25.3
8.7
6.6

10000
5.1
0.4
1.7

WG pellets2

Pellets in a
jumble

5.6
4.37
0.7

0
95.85
4.11
0.03
0.01
2000

9.5/8.25
0.35 / 0.32

1.7/1.5

RG pellets1

Pellets in a
jumble

5.6
9

0.2

2.1
57.3
25.3
8.7
6.6

10000
9.5
0.75
1.7

4.3 VENUS core layout

A detailed description of the VENUS reactor can be found in 4) . Here we only focus on the test
region wherein the can will be loaded. VENUS is a thermal reactor, which means that one has to
create a core region with fast or epithermal spectrum conditions in order to reproduce representative
conditions of a MOX plant5).

The can is supposed to be placed at the center of the reactor, as shown in Figure 3. The central
square 17 x 17 region has removable grids where it is foreseen to build a square watertight void
channel. Their walls should be made of aluminium, according to the mechanical requirements. In this
way the overpack will remain dry and spectrum hardening will be easier.

1 Computed for sake of comparison
2 ~ 1250 pellets available, corresponding to 1.5 liters. 1.7 liters computed for comparison
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Fig.3 XY and XZ views of the KEOPS critical configurations in the VENUS facility

Spectrum hardening is achieved by a specific driver zone design. The outer moderated region
consists of UO2 and MOX rods. From core periphery to the central region, one finds : UO2 3.3 w%
rods, UO2 4.0 w% and MOX rods. This allows a progressive spectrum hardening from the periphery
to the center. Then additional MOX rods are set in the void channel, that absorb strongly the thermal
neutrons coming from the driver zone. Varying the number of MOX rods rows inside the void channel
allows to tune the spectrum in a certain extent, as shown in Table 3.

Table 3 Spectrum hardening as a function of MOX rods rows in the void region (cut-off 0.625 eV)

#rows
C&FAST / ®THERM

1
74

2
191

3
460

4
1329

For each fissile medium considered, the core is made critical by raising the water level. Reactivity
effects induced by the varying Pu content will be assessed through the critical water level differences.
In this way, VENUS will act as a reactivity attenuator (F factor less than 1), providing

Akeff = Ak^ x F (RA
Can / RA

Core, RF
Cm / RF

Core) , (1)
where Akgff is the reactivity effect measured in VENUS, Akmf is the infinite media reactivity variation
and R stands for the absorption or fission rate of the can and of the core.

4.4 Fissile material characterization

Each fissile material to be loaded in VENUS will be accurately characterized in order to reduce the
uncertainties. Pu content, isotopic vector, total mass and moisture are parameters to be measured at the
BN MOX plant. Powder moisture can be determined within a relative uncertainty of max. 10 %.

For the density, the can is supposed to be filled up to the top in order to reduce the powder mobility.
However a further neutronography method should check the powder top surface at ± 1 mm. In this
way powder density is known within a relative uncertainty < 1 %.

4.5 Prospected reactivity effects and uncertainties impact

Calculations have been performed6), that provide a good idea of the reactivity effects as compared
to the configuration incorporating the laboratory pure PuO2 can, taken as a reference. It is also found
that the infinite media reactivity variations are decreased by a factor F ~ 1/50. The typical reactivity
decrease for the various fissile media relevant for MOX fabrication is indeed reproduced (Figure 4).
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Industrial PuO2 Primary blend Secondary bland RG pallets

-3000

Fig.4 Comparison between the reactivity effects in VENUS and for the infinite media (F ~ 1/50)

Moreover, sensitivity studies (Table 4) combined with the projected fuel characterization allows to
attribute each critical configuration its reactivity uncertainty. The more reactivity weight the can has,
the larger is the uncertainty but this will remain below 130 pcm for the most reactive configuration.

Table 4 Projected physical state uncertainties of the main KEOPS critical configurations

Name

s density (pcm)
e moisture (pcm)

Industrial
PuO2

20
40

Lab' PuO2

50
120

Primary
blend

7
17

Secondary
blend

2
7

WG pellets

~ 0

RG pellets

~ 2
~0

5 Conclusions

KEOPS is a pragmatic experimental project that would consist of critical configurations
incorporating cans with Pu bearing powders. The programme, to be achieved partly in the VENUS
critical facility and at the BN MOX plant, would provide a clear demonstration of the progressive loss
of reactivity of the fissile materials involved in the MOX fabrication. The basic scope includes 4
typical media, and is intended to be performed at low cost and within a short delay.
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6.5 TSUNAMI Analysis of the Applicability of Proposed Experiments to
Reactor-Grade and Weapons-Grade Mixed-Oxide Systems

Bradley T. REARDEN,* Calvin M. HOPPER, and Karla R. ELAM
Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831-6170, USA

The applicability of proposed critical experiments for the criticality code
validation of a series of prototypic reactor-grade and weapons-grade mixed-
oxide systems has been assessed with the TSUNAMI methodology from
SCALE 5. The application systems were proposed by the Nuclear Energy
Agency (NEA) Organization for Economic Cooperation and Development
(OECD) Working Party on Nuclear Criticality Safety MOX Experimental Needs
Working Group. Forty-eight application systems were conceived to envelope
the range of conditions in processing and fabrication of reactor-grade and
weapons-grade MOX fuel. The applicability of 303 existing critical benchmarks
to each of the 48 applications was assessed, and validation coverage was found
to be lacking for certain applications. Two series of proposed critical
experiments were also considered in this analysis. The TSUNAMI analysis has
revealed that both series of proposed experiments are applicable to numerous
configurations of the reactor-grade and weapons-grade systems. A detailed
assessment of which experiments were revealed by TSUNAMI to be most
applicable to specific prototypic fuel processing systems has been performed.

KEYWORDS: TSUNAMI, MOX, experiment

1. Introduction

Oak Ridge National Laboratory (ORNL) has applied the Tools for Sensitivity and
Uncertainty Analysis Methodology Implementation (TSUNAMI)1>2) from the SCALE code
system3) to assess the applicability of existing experiments and conceptual experiment designs
for the validation of criticality safety codes for the analysis of weapons-grade (WG) and
reactor-grade (RG) mixed-oxide (MOX) fuel. TSUNAMI includes one-dimensional and
three-dimensional sensitivity analysis sequences that compute the sensitivity of k^ to the
neutron cross-section data. These sensitivity data can be used to compute relational integral
indices that assess the similarity of two systems based on the nuclide-reaction-specific and
energy-dependent sensitivity data. TSUNAMI has been demonstrated as an effective method
for determining the applicability of benchmark experiments for use in code validation.4)

The applicability of 303 existing benchmark experiments and 9 proposed critical
experiments are evaluated relative to 48 configurations of MOX fuel, representative of those
that could be encountered in MOX fuel processing and fabrication.

2. TSUNAMI Analysis Techniques

TSUNAMI techniques from SCALE 5 were used to assess the similarity of the existing
and proposed benchmark experiments to prototypic MOX fuel systems. The TSUNAMI-3D
sequence utilizes the KENO V.a Monte Carlo code and computes the sensitivity of k^Va
cross-section data on a group-wise and nuclide-reaction specific basis.2) These sensitivity
data can be coupled with the uncertainty in the cross-section data to produce an uncertainty in
£<3f due to uncertainties in the basic nuclear data.1* As cross-section data are believed to be a
likely cause of computational biases, a benchmark experiment with uncertainties in k^ that
are highly correlated to the uncertainties in the design system will provide a good indication
of the expected computational bias. The SCALE 5 code TSUNAMI-IP processes the

' Corresponding author, Tel. +1-865-574-6085, Fax. +1-865-576-3513, E-mail: reardenb@ornl.gov
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sensitivity data and cross-section-covariance data and produces a correlation coefficient,
denoted c*, that provides an indication of the similarity of a given benchmark experiment to a
design system in terms of the correlations in the uncertainties between the two systems. This
correlation coefficient is normalized such that a ck value of 1.0 indicates that the two systems
are identical, and a c* value of 0.0 indicates that the two systems are completely dissimilar.
The Ck correlation coefficient is a global integral index in that it produces a single value from
information about all nuclides and all reactions of both systems on an energy-dependent basis.
Thus, the computed value of c* provides an indication of the overall similarity of two systems.

TSUNAMI-IP also provides the ability to use sensitivity data to investigate the coverage
provided by a benchmark experiment for a certain nuclide-reaction pair and to quantify the
uncertainty in the application due to nuclides and reactions that are not fully covered by the
benchmark data. However, due to the brevity of this format, these results from this study are
not presented. All of the TSUNAMI techniques are explained in greater detail in the
SCALE 5 manual.3)

3. Prototypic MOX Applications

The Nuclear Energy Agency (NEA), Organization for Economic Cooperation and
Development (OECD) Working Party on Nuclear Criticality Safety MOX Experimental
Needs Working Group proposed 48 prototypic application systems to envelope the range of
conditions in processing and fabrication of reactor-grade and weapons-grade MOX. The
proposed applications have a MOX density of 5 g/cm3, PuO2 contents of 10-30 wt %, water
contents of 0-5 wt %, and bare and water-reflected conditions. Some properties of the 48
prototypic applications are shown in Table 1. The TSUNAMI-ID analysis sequence from
SCALE 5 was used to generate sensitivity data for each MOX application with the SCALE
238-group ENDF/B-V library.

4. Existing Experiments

To assess the need for new experimental data, ORNL performed a review of existing
critical benchmark experiments containing MOX and plutonium. This review of existing
experiments included numerous experiments from the International Handbook of Evaluated
Criticality Safety Benchmark Experiments (IHECSBE)5) as well as benchmarks from other
sources.6'75 We selected 303 critical configurations for inclusion in this analysis. Summaries
of the analyzed experiments are provided in Table 2. Sensitivity data were generated for each
of these experiments using the TSUNAMI-3D sensitivity analysis sequence from SCALE 5.

5. IPPE Experiments

The Institute for Physics and Power Engineering (IPPE) has proposed a series of critical
experiments to be assembled at the BFS-1 facility in Obninsk, Russia. Each of the critical
configurations would consist of stacked pellets of WG plutonium in stainless steel cans and
depleted UO2 in aluminum cans. These fuel stacks will be contained in 5.0-cm-diam
aluminum tubes in a hexagonal array with a 5.1-cm pitch. Some configurations will include
polyethylene pellets intermixed with the fuel stack and polyethylene dowels inserted between
the aluminum tubes. All configurations will have a large depleted UO2 reflector region. Each
of the four proposed experiments is summarized in Table 3. Sensitivity data were generated
for each of these experiments using the TSUNAMI-3D sensitivity analysis sequence from
SCALE 5.
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Table 1 Properties of prototypic MOX application systems

PuOz
content
wt%

10

20

30

" 'Pu
content

Reactor
Grade

Weapons
Grade

Reactor
Grade

Weapons
Grade

Reactor
Grade

Weapons
Grade

Water
content
wt%

0

1

3

5

0

1

3

5

0

1

3

5

0

1

3

5

0

1

3

5

0

1

3

5

Reflector

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare
reflected

bare

reflected

bare

reflected

bare

reflected

bare
reflected

bare

reflected

bare
reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

bare

reflected

Identifier

lOrOb

lOrOr

lOrlb
lOrlr

10r3b

10r3r

10r5b
10r5r

lOwOb
lOwOr

lOwlb

lOwlr

10w3b

10w3r

10w5b
10w5r

20r0b

20r0r

20rlb

20rlr

20r3b
20r3r

20r5b

20r5r

20w0b
20w0r

20wlb

20wlr

20w3b
20w3r

20w5b

20w5r

30r0b
30r0r

30rlb
30rlr

30r3b

3Or3r

30r5b
3Or5r

30w0b

30w0r

30wlb

30wlr

30w3b
30w3r

3Ow5b
3Ow5r

1.01

1.01

1.00

1.00

0.99

0.99

0.99

0.99

1.02

1.01

1.00

1.00

1.00

1.00

1.00

1.00

1.01

1.00

1.00

1.00

0.99

0.99

0.99

0.99

1.01

1.00

1.00

1.00

1.00

1.00

0.99

1.00

1.01

1.00

1.00

1.00

0.99

1.00

0.99

0.99

1.01

1.00

1.00

1.00

1.00
1.00

0.99

1.00

EALF (eV)

2.75E+05

6.72E+03

1.86E+O4

1.46E+03

1.39E+03

2.63E+02

2.93E+02

8.53E+01

2.99E+05

4.08E+03
2.11E+04

1.11E+03

1.29E+03
1.76E+02

2.42E+02

5.15E+01

4.56E+05
2.61E+03

6.43E+04

1.25E+03

5.92E+03
3.77E+02

1.38E+03
1.63E+02

4.85E+05

2.08E+03
7.66E+04

1.04E+03

6.37E+03

3.04E+02

1.30E+03

1.21E+02

5.91E+05

2.77E+03

1.33E+05

1.55E+03

1.49E+04

5.58E+02

3.64E+03
2.65E+02

6.18E+05
2.35E+03

1.58E+05
1.34E+03

1.72E+04

4.82E+02

3.80E+03
2.16E+02

AECF (eV)

1.17E+06

9.36E+05

9.66E+05

7.99E+05

7.51E+05

6.40E+05

6.22E+05

5.40E+05

1.18E+06

9.06E+05

9.76E+05

7.83E+05

7.51E+05

6.17E+05

6.14E+05

5.09E+05

1.28E+06

8.95E+05

1.08E+06

7.91E+05

8.37E+05

6.46E+05

6.97E+05

5.55E+05

1.28E+06

8.81E+05
1.09E+06

7.83E+05

8.51E+05

6.39E+05

7.02E+05

5.42E+05

1.36E+06

9.18E+05

1.17E+06

8.21E+05

9.21E+05

6.79E+05

7.69E+05

5.87E+05

1.37E+06

9.10E+05

1.19E+06

8.17E+05

9.42E+05

6.78E+05

7.84E+05

5.83E+05

H/(U+Pu)

0.00

0.00

0.30

0.30

0.90

0.90

1.50

1.50

0.00

0.00

0.30

0.30

0.90

0.90

1.50

1.50

0.00

0.00

0.30

0.30

0.90

0.90

1.50

1.50

0.00

0.00

0.30

0.30

0.90

0.90

1.50

1.50

0.00

0.00

0.30

0.30

0.90

0.90

1.50

1.50

0.00

0.00

0.30

0.30

0.90

0.90

1.50

1.50
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Table 2 Summary description of existing benchmark experiments analyzed

Experiment
identifier

PU-SOL-THERM-001
PU-SOL-THERM-002
PU-SOL-THERM-003
PU-SOL-THERM-004
PU-SOL-THERM-005
PU-SOL-THERM-006
PU-SOL-THERM-010
PU-SOL-THERM-011
PU-SOL-THERM-014
PU-SOL-THERM-015
PU-SOL-THERM-016
PU-SOL-THERM-017
PU-SOL-THERM-020
PU-SOL-THERM-021
PU-COMP-MDCED-001
PU-COMP-MDCED-002
MIX-SOL-THERM-001
MTX-SOL-THERM-002
MTX-COMP-THERM-001
MDC-COMP-THERM-002
MTX-COMP-THERM-003
MIX-COMP-THERM-004
MDC-COMP-THERM-005
PU-S-ltoPU-29-9^
BNWL-2129, Table 3^
BNWL-2129, Table 4^

Number of
experimental

configurations
6
7
8

13
9
3

14
12
35
16
11
18
8
2
5

29
11
3
4
6
6

11
6

13
29
18

Range of
H/(Pu+U)

86.7 to 352.91
299.3 to 508.0
545.3 to 774.1
573.3 to 981.7
557.2 to 866.4
910.9 to 1028.2
259.3 to 825.1
550.7 to 1157.3
210.2
155.3
155.3 to 210.2
210.2
343.0 to 747.2
124.81 to 667.0

0.04 to 49.6
0.04 to 49.6

44.08 to 418.64
481.37 to 1150.66

3.33 to 17.53
1.19 to 3.64
1.68 to 10.75
2.42 to 5.55
2.22 to 11.87
2.77 to 7.33

30.6
7.13 to 9.37

Range of
Pu/(Pu+U)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0.22 to 0.97
0.23 to 0.52
0.22
0.020
0.066
0.028 to 0.030
0.040
0.08 to 0.29
0.15
0.27 to 0.28

Range of
EALF (eV)

8.85E-02to3.36E-01
7.10E-02to9.98E-02
5.82E-02 to 6.87E-02
5.31E-02to6.73E-02
5.53E-02 to 6.80E-02
5.21E-02to5.46E-02
5.32E-02tol.05E-01
5.26E-02 to 7.45E-02
1.69E-01 to 1.70E-01
2.41E-01to2.43E-01
1.69E-01to2.42E-01

1.69E-01
5.89E-02tol.06E-01
6.60E-02to3.13E-01
1.54E+00to9.57E+05
6.84E-01to4.92E+03
9.25E-02to2.84E-01
4.24E-02to4.34E-02
2.11E-04tol.61E-03
1.38E-01to7.73E-01
1.01E-01to9.06E-01
8.02E-02tol.46E-01
9.56E-02to3.99E-01
6.30E-01to4.14E+01
1.43E-01to2.57E-01
1.51E+00to6.13E+00

Table 3 Summary description of proposed IPPE experiments

Identifier
Polyethylene
in fuel stack

Polyethylene
dowels

between tubes

H/(Pu+U)
in fuel tube

Pu/(Pu+U) EALF (eV)

BFS-97-1

BFS-97-2

BFS-97-3

BFS-97-4

No

No

Yes

Yes

No

Yes

No

Yes

0

0

1.38

1.38

0.30

0.30

0.30

0.30

3.56E+05

1.16E+O5

5.60E+03

1.88E+03
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6. Valduc Experiments

The Valduc Criticality Laboratory has proposed a series of critical experiments to be
assembled on Apparatus B. Each critical configuration would be constructed of water-flooded
fuel rod arrays of RG MOX. The RG MOX fuel rods have a PuO2 content of 27.5 wt %, an outer
diameter of 0.735 cm, and an active fuel height of 100 cm. The proposed critical configurations
place the fuel rods on triangular pitches ranging from 0.96 to 1.04 cm. Each of the five proposed
configurations are summarized in Table 4. Sensitivity data were generated for each of these
experiments using the TSUNAMI-3D sensitivity analysis sequence from SCALE 5.

Table 4 Summary description of proposed Valduc experiments

Identifier

MOX-96

MOX-98

MOX-100

MOX-102

MOX-104

triangular pitcl

0.96

0.98

1.00

1.02

1.04

h H/(Pu+U)

0.71

0.94

1.18

1.42

1.66

Pu/(Pu+U)

0.27

0.27

0.27

0.27

0.27

EALF (eV)

1.24E+03

7.77E+02

5.47E+02

3.80E+02

2.55E+02

7. Applicability of Existing Experiments

The global integral index c* was computed for each prototypic MOX application system in
relation to each existing experiment. Current guidance1* states that an experiment is adequately
similar to a design application to serve in its code and data validation if the c* value relating the
experiment to the application is 0.9 or higher. The experiment may be applicable to the code
validation if its c* value is 0.8 or higher. Furthermore, to ensure that the correct computational
bias is determined for a given application, approximately 15-20 experiments with c* values of at
least 0.9 or 25-40 experiments with c* values between 0.8 and 0.9 are recommended. It is
expected that fewer experiments with c* values near 1.0 should also provide for an adequate
assessment of the computational bias.

The similarity of the 303 existing experiments to the MOX applications was assessed using
the integral index c* generated from the TSUNAMI-IP code. The number of existing experiments
with Ck > 0.9 for each weapons- and reactor-grade application are shown in Figures 1 and 2,
respectively. For the weapons-grade applications, several configurations have 15 or more
experiments with c* values > 0.9, but many others do not. For the reactor-grade applications, no
application has 15 experiments with c* > 0.9. Thus, the need for additional benchmark data is
confirmed.
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Fig. 1 Number of existing and proposed experiments with c* > 0.9 relative to
weapons-grade MOX applications.
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Fig. 2 Number of existing and proposed experiments with c^ > 0.9 relative to
reactor-grade MOX applications.
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8. Applicability of Proposed Experiments

The similarity of the nine proposed experiments to the MOX applications was assessed using
the integral index ck generated from the TSUNAMI-IP code. The ck values for each of the
proposed experiments relative to each weapons- and reactor-grade application are shown in
Figures 3 and 4, respectively, and the number of proposed experiments with c* > 0.9 for each
weapons- and reactor-grade application are shown in Figures 1 and 2, respectively. Many of the
proposed experiments exhibit c* values > 0.9 for both the weapons- and reactor-grade MOX
applications, indicating that the experiments would provide useful data for code validation for
these applications.

Further analysis of Figures 3 and 4 reveals that the two dry BFS experiments, configurations
1 and 2, are the most similar to the dry MOX applications, with 0 or 1 wt % water content,
whereas the other two BFS experiments and the Valduc experiments are more similar to the 3 and
5 wt % water-content applications.

A more in-depth analysis of the reasons for the similarities of these systems is warranted but
is not possible due to the brevity of this format.

I

Experiment

Fig. 3 Values of c* for proposed experiments compared to weapons-grade applications.
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Experiment

Fig. 4 Values of ck for proposed experiments compared to reactor-grade applications.
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9. Conclusions

The TSUNAMI techniques from SCALE 5 have been used to identify the need for additional
benchmark data for the criticality code validation of weapons- and reactor-grade MOX
applications. The TSUNAMI techniques have also confirmed that two series of proposed critical
experiments both exhibit a high degree of similarity to the MOX applications and would provide
useful new data for the criticality code validation of these proposed applications.
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6.6 Effect of Mixing State on Criticality Safety Evaluation in MOX Powder and

Additive

Toshihiro YAMAMOTO1*, Yoshinori MIYOSHI1

'japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Criticality safety analyses are discussed in which MOX powder and additive (e.g.
zinc-stearate) are mixed in a powder treatment process of MOX fuel fabrication.
The multiplication factor k^f is largely affected by how they are mixed, i.e., how
the density and volume change with the mixing. In general, keff increases when
MOX powder is mixed with zinc-stearate. However, plutonium content and density
of MOX powder make a difference in the kefr's changes. Especially, MOX powder
with a higher plutonium content and a higher density is not always unsafe in terms
of criticality if it is mixed with zinc-stearate.

KEYWORDS: MOX, criticality safety, keJfi additive

1. Introduction

To assure criticality safety in processes handling MOX powder, the content of water or additive
within MOX powder have to be carefully controlled. Excess addition of additive into a large
homogenizer in the process of MOX powder handling could be one of hypothetical criticality accident
scenarios since additive such as zinc-stearate contributes to neutron moderation. Criticality safety in a
powder system depends on the density, volume, and equivalent water content of MOX powder. The
mixing condition of the powder is important to make reasonable evaluations of criticality of MOX
powder or to determine appropriate criticality accident conditions. However, it is not an easy task to
identify mixture conditions because it requires some aspects of the powder technology. The authors
discuss the effect of mixture conditions on criticality of MOX powder in this paper.

2. Two Mixing Assumptions

Here, as an abnormal event scenario, it is assumed that pure MOX powder is mixed with excess
amount of additive (zinc-stearate, [CH3(CH2)i6COO]2Zn) in a large homogenizer and a completely
homogeneous mixture of MOX powder and zinc-stearate is formed by the mixing. Criticality
calculations are performed for the homogeneous mixture to obtain the keff, and it is determined
whether the criticality safety can be assured. To perform the calculations, one has to know the density,
or volume of the mixture. When determining the density or volume, we assume two extreme mixing
conditions as shown in Fig.l. The one assumption, mixing assumption (a), is that additive enters the
void space of MOX powder. In this assumption, the initial density and volume of MOX powder
remain unchanged. For example, when zinc stearate is added to MOX powder of 5.5 g/cm3 and they
are mixed homogeneously, the MOX density is assumed not to change from 5.5 g/cm3. Since the
theoretical density of MOX fuel is approximately 11 g/cm3, the maximum volume fraction of the void
space in the powder is 50% (=1-5.5/11). Another assumption, mixing assumption (b), is that the total
volume of the homogenized mixture is the sum of the volume of MOX powder and zinc-stearate. In
this assumption, the density of MOX powder decreases and the volume increases. After the void space
of MOX powder is occupied by zinc-stearate, which is added on the mixing assumption (a), the
mixing condition switches to the mixing assumption (b).

Corresponding author,TeL +81-29-282-6743,Fax. +81-29-282-6798, E-mail: yamamoto@cyclone.tokaLjaeri.go.jp
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MOX mixture

Mixing assumption (a)

mm- mixture

Mixing assumption (b)

Fig.l Two mixing assumptions

The effects of adding zinc-stearate to MOX powder on criticality in both mixing assumptions are
compared. In the mixing assumption (a);

Neutron moderation increases,
Neutron leakage decreases.

In the mixing assumption (b);
Neutron moderation increases,
Geometrical buckling B2 decreases,
Density decreases.

The neutron leakage is proportional to DB2 where D is one group diffusion coefficient. The decrease
of the density due to addition of zinc-stearate means the decrease of D. Therefore, whether neutron
leakage increases or decreases due to addition of zinc stearate depends on which effect is dominant, D
orB2.

3. Calculations

3.1 Comparison of mixing assumptions

Criticality calculations were performed for powder systems in which MOX powder and zinc
stearate are mixed in a hypothetical homogenizer with the maximum volume of 1,000 liter^ as shown
in Fig.2. A water reflector with the thickness of 2.5 cm is attached on the side surface of the
homogenizer to take account of neutron reflection of surrounding structures. A continuous energy
Monte Carlo code MCNP 4C and a pointwise cross section library based on JENDL-3.2 were used for
the calculations. In the criticality calculations, zinc-stearate was replaced by water with the same mass,
which has very little effect on criticality'I This assumption is underpinned by the fact that mass ratios
of hydrogen in zinc-stearate and water are 0.1116 and 0.1119, respectively and both ratios are almost
the same.

First of all, criticality calculations were performed for a MOX powder system in which 640
kg-MOX powder with 50% plutonium content and 3.5g/cm3 density is mixed with zinc- stearate. The
density of zinc stearate is 0.3 g/cm3, which is a usual apparent density of zinc-stearate'I "Equivalent
water content" is regarded as a synonym with the weight fraction of zinc-stearate. Note that the mass
of 640 kg-MOX powder and the equivalent water content larger than 5% are not practically
anticipated. In addition, the plutonium content is normally less than 18% in a final blending, and MOX
powder with 50% plutonium content is very unlikely to be poured into a large homogenizer for final
blending because of rigid control of plutonium content. Thus, this situations postulates that three
criticality controls (mass control, moderation control, and plutonium control) fail at the same time. In
the mixing assumption (a), keff increases with the equivalent water content until the void space of
MOX powder is filled with zinc-stearate at the equivalent water content of 6%. This is due to the
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120.7 cm

2.5 cm thickness
water reflector

24 cm

Fig.2 Hypothetical homogenizer

increase of neutron moderation and the decrease of neutron leakage. Beyond this equivalent water
content, the mixing condition changes to the assumption "(b)", and ketr decreases with the equivalent
water content, which is caused mainly by the decrease of the density of MOX powder. In the mixing
assumption (b), k^ also increases with the equivalent water content because of the increase of neutron
moderation. However, keff in the mixing assumption (b) is much smaller than that in the mixing
assumption (a) because MOX powder is diluted with the increase of the equivalent water content.

An experiment was performed to study an actual mixing condition of MOX powder and
zinc-stearate2). In the experiment, tungsten powder was used as a substitute material for MOX powder.
This experiment indicated that a true mixing condition is close to (b) rather than (a). Therefore, if one
considers zinc-stearate is gradually added to pure MOX powder, keff changes according to the mixing
assumption (b) and the mixing assumption (a) gives much higher keff than an actual situation. That is,
criticality safety evaluations based on the mixing assumption (a) give conservative results.
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Fig.3 keff vs. equivalent water content for
640kg MOX(50%Pu content, 5.5g/cm3),
zinc stearate (0 Jg/cm3).
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Fig.4 k.ff vs. equivalent water content for
640kg MOX(50%Pu content, 5.5g/cm3),
zinc stearate (0.6g/cm3).
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3.2 Effect of powder density

Next, similar criticality calculations were performed for 640 kg-MOX powder with 50% plutonium
content and 5.5g/cm3 density, and it is mixed with zinc-stearate with the density of O.3g/cm3. The
results are shown in Fig.32). The tendency of keff in the mixing assumption (a) is essentially the same
as in the case of 3.5g/cm3 MOX. The result shows keff is over 1.0 without zinc-stearate in this case.
However, this case is more unlikely than in the case of 3.5g/cm3 MOX because 5.5g/cm3 MOX
powder density is much higher than a usual MOX powder density treated in a homogenizer. In the
mixing assumption (b), mixing zinc-stearate with a higher density MOX powder causes the decrease
of keff due to the decrease of MOX density unlike the case of 3.5g/cm3 MOX. Therefore, an addition of
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zinc-stearate is not always unsafe from the viewpoint of criticality.
The density of zinc-stearate in powder state can be maximized up to approximately 0.6g/cm3 (the

tap density of zinc-stearate powder). Figure 4 shows calculated ken- when 640 kg-MOX powder with
50% plutonium content and 5.5g/cm3 density is mixed with zinc-stearate with the density of 0.6g/cm3.
While kefr decreases in the mixing assumption "(b)" by adding zinc-stearate with the density of

30.3g/cm3, the addition of zinc-stearate with the density of 0.6g/cm3 increases k ^ even in the
assumption "(b)". This is because the effect of larger neutron moderation with the higher density of
zinc-stearate exceeds the effect of the density decrease of MOX powder. Therefore, the effect of
zinc-stearate on criticality depends on the density of zinc-stearate as well as the mixing condition.

3.3 Effect of plutonium content

The addition of 50% plutonium content into a final blending hardly occurs from a technical
standpoint. The normal plutonium content in a final blending is no greater than 18%. Here, similar
criticality calculations were performed for 640 kg-MOX powder with 18% plutonium content and

5.5g/cm3 density as shown in Fig.52). The
density of zinc-stearate is O.3g/cm3. The ketr
increases with the equivalent water content in
the mixing assumption (b), which shows the
opposite tendency of 50% plutonium content
as compared with Fig.3. Plutonium content in
MOX powder affects the neutron spectrum.
MOX powder with lower plutonium content
has larger neutron moderation effect of water,
or zinc-stearate.
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4. Conclusion

If one considers criticality of powder fuel mixed with additive such as zinc-stearate, it is important
to know how the density or volume changes with mixing. A realistic mixing state may be represented
by the mixing assumption (b) in which the density of MOX powder decreases with mixing with
additive. In this mixing assumption (b), k ^ mostly increases with the equivalent water content but the
increase in ken- is much smaller than in the mixing assumption (a) in which the density or volume of
MOX powder does not change with mixing. If MOX powder with a higher density and higher
plutonium content is mixed with zinc-stearate with its apparent density (0.3g/cm3), k ^ unusually
decreases with the equivalent water content in the mixing assumption (b). Thus, an addition of
zinc-stearate is not always unsafe in terms of criticality. However, kefr of MOX powder with normal
density and plutonium content, which is treated in a final blending, usually increases with addition of
zinc-stearate.
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The Role of Independent Scientific and Engineering Analyses
in the Regulatory Process

Wesley C. PATRICK and Budhi SAGAR
Center for Nuclear Waste Regulatory Analyses, Southwest Research Institute,

San Antonio, Texas 78238, USA

Since it was established in 1987 by the U.S. Nuclear Regulatory Commission
(NRC), the Center for Nuclear Waste Regulatory Analyses (CNWRA) has assisted
NRC in fulfilling its responsibilities under the Nuclear Waste Policy Act related to
a potential repository at Yucca Mountain, Nevada, and interim storage facilities
for spent nuclear fuel and high-level radioactive waste. CNWRA attributes have
assured its success in assisting NRC. These attributes include clearly defined
roles and responsibilities, which encompass independent scientific and
engineering analyses. Examples illustrate how these analyses have enhanced the
regulatory process.

KEYWORDS: radioactive waste, spent nuclear fuel, regulation, analyses,
independence

1. Introduction

Scientific and engineering analyses conducted independently by or for a regulator support the
regulatory process. Through such analyses, the regulator can probe an applicant's safety analysis to
formulate and articulate the technical bases for a regulatory decision. Independent analyses can also
assess the clarity of proposed regulatory requirements and test their validity. Examples of
independent scientific and engineering analyses related to a potential high-level radioactive waste
repository, conducted on behalf of the U.S. Nuclear Regulatory Commission (NRC), illustrate support
to the regulatory process.

2. Organizational Attributes

In 1987, the Center for Nuclear Waste Regulatory Analyses (CNWRA) was established to support
NRC responsibilities under the Nuclear Waste Policy Act related to a potential repository at Yucca
Mountain, Nevada, and interim storage facilities for spent nuclear fuel and high-level radioactive
waste. NRC assured that CNWRA had attributes essential to that support. These attributes are that
CNWRA (i) be independent, free from the potential for conflict of interest; (ii) be competent, capable
of consistently high-quality support; (iii) have longevity, to assure continuity of support and a
"corporate memory;" (iv) complement NRC staff, to avoid gaps or overlaps in technical expertise; and
(v) have clear roles and responsibilities. These attributes are important to the success of NRC and the
CNWRA. Independent scientific and engineering analyses have proven particularly important.

3. Roles of Independent Scientific and Engineering Analyses

Appropriate supporting roles and responsibilities to a regulator include providing research and
technical assistance, developing technical bases for regulations and guidelines, reviewing applicant
safety analyses, providing hearing support, enhancing public outreach and communications, and
providing technical advice. CNWRA has assisted NRC in all these areas. In each area, independent
scientific and engineering analyses have been important to the NRC regulatory process. Several
examples—from field and laboratory investigations of physical processes, scoping calculations of risk
to evaluate relative importance to safety, new approaches to presenting complex information to
stakeholders, and hearing support—illustrate these roles.
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3.1 Development and Implementation of Regulations and Guidance

Both international organizations and national authorities, such as NRC, develop and implement
regulatory frameworks consistent with applicable laws. Typically, the regulatory framework includes
environmental standards, implementing regulations, and associated guidelines.

In the U.S., NRC developed a regulation applicable to the potential repository at Yucca Mountain,
Nevada,!) and a formal guidance—the Yucca Mountain Review Plan 2)—on how NRC staff is to
review and evaluate a license application for the repository. The NRC and CNWRA staff conducted
scoping studies to build confidence that the regulations could be effectively implemented and the
review guidance would result in a technically sound and comprehensive safety evaluation report.

The regulation 1} for the potential repository establishes (i) an all-pathways mean-annual-dose
criterion, (ii) a human intrusion criterion, and (iii) a groundwater protection criterion. Staff judgments
about regulatory implementation rely on a total-system performance assessment methodology. The
NRC and CNWRA staff collaborated on the Total-system Performance Assessment (TPA) computer
code to support the regulation development process.3) This independently developed TPA code
allowed the staff both to evaluate the adequacy of the performance assessment methodology in a risk-
informed, performance-based regulatory context and to define the information and analyses to specify
in the regulation. Staff built confidence in the adequacy of the method to treat (i) undisturbed
conditions (normal evolution of the repository) and disruptions from natural phenomena, (ii) large
spatial scales and the accompanying need to simplify or abstract complex models, (iii) the long time-
period of interest, (iv) parameter uncertainty, and (v) alternative process models. Figure 1 illustrates
an independent calculation using the TPA code.

3.2 Evaluation of the Relative Importance
of Factors Affecting Repository
Performance

Characteristics of all geologic repositories
include (i) large spatial scale; (ii) long
performance timeframe; (iii) interaction
among natural and engineered systems;
(iv) complex thermal-hydrological-
mechanical-chemical processes; (v) a large
variety of radiotoxic materials and physical-
chemical behaviors; (vi) large uncertainties;
and (vii) events of very low probability, but
potentially high consequence.

To effectively and efficiently focus efforts,
both developers and regulators of geologic
repositories must understand the relative
importance of the factors affecting
performance. In the U.S. program, this focus is
regulation and facilitated by application of both
analyses.

Fig.l Individual dose estimated for undisturbed
conditions with NRC-CNWRA TPA code. Each
Monte Carlo realization is shown with various
percentiles, and the mean. The spread represents
the effect of parameter uncertainties.

fostered by the risk-informed framework of the
process-level (i.e., subsystem-level) and total-system

Fundamental to the consideration of locating a geological repository at Yucca Mountain is the
notion that waste packages would remain relatively dry for long periods in the hydrologically
unsaturated rocks. 4l5) Questions about the potential for salts in groundwater and atmospheric dusts to
accumulate on waste packages and create conditions that could foster localized corrosion led
CNWRA to conduct independent investigations of the processes involved and the likelihood of such
conditions developing. Laboratory studies examined the effect of salts in groundwater and
atmospheric dusts on the deliquescence point of solutions that could contact the waste package
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Temperature fC )

Fig.2 Relative humidity in the presence of
salts as a function of temperature. Relative
humidity can affect potential onset of
localized corrosion.

[Figure 2]. Results included the in-depth
understanding staff needed to support evaluations of
DOE studies, assessed the factors (e.g., temperature
dependence) affecting the magnitude of the potential
effect, and identified the presence of chemical
species that could mitigate localized corrosion.
These results allowed assessment of the likelihood of
localized corrosion in the presence of deleterious and
effect-mitigating chemical species.

Relative importance can be evaluated from major
repository subsystems down to individual

radionuclides. For example, independent analyses
examined the relative importance of waste packages
and drip shields (designed to prevent infiltrating
water from contacting the waste package at high

temperatures). Using the best available information
about the natural system and proposed repository
design 6>7), a 350-realization run of TPA was used to
estimate the basecase dose for undisturbed
conditions [Figure 3]. This calculation was repeated,
first assuming all drip shields failed at 0 year (time
of closure) and then assuming both the drip shields
and waste packages failed at 0 year. The results
illustrate how these components affect the onset of
radionuclide release (i.e., when contaminants begin
to reach the accessible environment) and the
magnitude of release (i.e., the peak dose to a
receptor in the accessible environment). Similar
importance analyses have enabled the staff to better
understand repository performance and focus
regulatory oversight on the most important factors
affecting performance [Figure 4].

All Drip Shields and All WPs Fall at 0 yr

All Drip Shield* Fall at Oyr
>•• = 0.0352 mrem/yr

2000 4000 6000 S000 10000
Time (yr)

Fig.3 A representation of system sensitivity
to subsystem performance. The graphs
indicate that drip shields have a relatively
moderate influence while waste packages
have a significant influence on system
performance. (1 mrem = 0.01 mSv).

Relative contribution of radionuclides can be
similarly evaluated. Table 1 illustrates the results of
an evaluation of radionuclides that contribute most
to estimated dose at the receptor location for the
groundwater release pathway (i.e., undisturbed
performance). More than 90 percent of the estimated dose results from only three radionuclides.
Importantly, the independent study also provided insight into why these radionuclides dominate dose
estimates, and what repository system components contribute to total-system results. Because Tc-99
and 1-129 are long-lived and unretarded, factors affecting their release will have the greatest influence
on their contribution to dose. Similarly, retardation is important in the movement of Np-237 from the
geological repository to the accessible environment. Knowing this, the regulator can focus on the
assumptions and technical bases in the license application to ensure that dose estimates adequately
consider these factors.
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Fig.4 Estimated sensitivity of system performance to switching off (Figure 4a) or switching on
(Figure 4b) component functions. The numbers at the bottom indicate percentage increase (positive)
or decrease (negative) in calculated individual dose. A large absolute value indicates a greater
potential role for a component in overall system performance.

Table 1 Radionuclides contributing most to individual
dose for basecase in 10,000 years.

Radionuclide
Tc-99

1-129

Np-237

Dose
Contribution (%

48

24

19

) Remarks
No retardation;
long-lived
No retardation;
long-lived
Moderately
retarded; long-lived

3.3 Evaluation of Alternative
Models

DOE information indicates that
strata in the unsaturated zone
overlying the potential repository will
cause water to flow laterally, thus
shedding water from the repository
footprint.8>9) The presence and
characteristics of faults and fractures
in the overlying nonwelded volcanic
tuffs could affect the lateral diversion
of flow and, hence, the amount of

water that (i) percolates downward to the repository, (ii) intersects the emplacement tunnels, and
(iii) is available to corrode drip shields and waste packages and subsequently dissolve the waste form
and transport radionuclides to the groundwater table beneath the repository.10>11)

To better understand the site characteristics and how these were used by DOE in assumptions and
calculations concerning lateral diversion of flow, CNWRA investigated the effects of faults and
fractures at an analog field site. 12) These field investigations indicate that the presence, extent, and
hydrological properties of faults and fractures in non-welded tuffs are likely to limit the lateral
diversion of flow. These results provide a basis for NRC and CNWRA comments on DOE methods
and assumptions 8'9) and pre-licensing interactions with DOE. These activities, in turn, aim to assure
the license application satisfies the regulatory requirements and the guidelines.

Independent analyses also examined alternative groundwater flow models. Using available
information,13) CNWRA developed two alternatives to the DOE basecase model. n ) Case 1 [Figure
5a] used a model calibrated only with field data, such as water table depth and measured hydraulic
parameters. Significant differences between the calculated and observed water table remained after
calibration. In contrast, an alternate calibration [Case 2, Figure 5b] using not only the data from Case
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(a) (b) (c)

Fig.5 Exploration of alternate models for recharge over the repository footprint and comparison
with DOE estimates. Figure 5a shows particle tracks using a model calibrated with field data only,
Figure 5b shows the particle tracks with a model calibrated with field data and qualitative
information, and Figure 5c shows the plume presented by DOE. The location and dimensions of the
plume play a role in determining compliance with quantitative standards.

1, but also qualitative information, reduced the residual errors. The width of the contaminant plume
was slightly greater in Case 2. For comparison, Figure 5c shows the plume presented by DOE. This
investigation increased staff understanding of the effects of model uncertainty, supported direct
evaluation of alternative models, and built confidence that the DOE basecase was in reasonable
agreement with alternative hydrogeologic interpretations of the available data.

3.4 Evaluation of Adequacy of Analyses and Hearing Support

Independent scientific and engineering analyses support the regulator in evaluating the adequacy
of analyses both before and during the hearing process. Two examples illustrate this.

For the potential repository at Yucca Mountain, CNWRA integrated available geologic and
geotechnical data to construct a three-dimensional Earth Vision™ model of the surface facility area.
This model forms the basis for earthquake ground response calculations. In the CNWRA model,
geotechnical data were explicitly correlated with known stratigraphic units in comparison to the DOE
approach, which relies on stochastic sampling of the geotechnical data that does not consider geologic
layering of the subsurface strata. The CNWRA analysis shows that ground response varies
significantly across the site and that stratigraphic effects at locations with thick subsurface layers of
alluvium and unwelded tuff can amplify ground motions by a factor of two times the input motions
[Figure 6].

Another example involves the aircraft crash probability for an interim storage facility. When the
applicant analysis of the probability of aircraft crash was contested during the hearing for an interim
storage facility, staff independently analyzed the aircraft crash hazard to support NRC. This
investigation included independent checks on supporting data, calculation of the probability of crash
onto the proposed facility, and estimation of potential consequences.

3.5 Support to Public Outreach and Communications

Finally, independent analyses bolster public outreach and communication with stakeholders.
Various techniques are used to increase the effectiveness of communications. Independent scientific
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(a) (b)

Fig.6 Ground Response Analysis (spectral acceleration versus frequency) for the potential
repository at Yucca Mountain. Figure 6a shows the input motions and 6b shows the estimated
motions at the ground surface for the four input spectra shown in 6a.

and engineering analyses often underlie the physical models, computer visualizations, and animations
that illustrate repository performance. More broadly, the fact that independent analyses have been
conducted conveys to the stakeholders that CNWRA and NRC are fully competent to challenge the
assumptions and conclusions of the applicant and independently arrive at a conclusion about the
safety of the potential repository.

4. Conclusion

NRC assured that CNWRA had attributes essential to successfully supporting NRC. These
attributes include independence, competence, longevity, complementary skills, and clearly defined
roles and responsibilities. Since its inception in 1987, these attributes have been important to the
success of CNWRA. Independent scientific and engineering analyses have proven to be particularly
important, as illustrated in the examples presented.
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8.1 Geochemical aspects of long-term behavior of glass waste form

YaohirolNAGAKI
Department of Applied Quantum Physics & Nuclear Engineering, Kyushu University

Fukuoka 812-8581, JAPAN

A large number of studies on aqueous corrosion of high-level radioactive waste (HLW) glass have made
much progress in understanding elementary reactions of HLW glass in contact with aqueous solutions leading to
radionuclide release from the glass. On die basis of the present knowledge, a conservative assessment can be
made for the glass performance. In an aspect of its validity, however, more progress is required to be made in
understanding the glass reaction mechanism for the long-term disposal period under the specific disposal conditions
for each country. For instance, the reaction process controlling the long-term corrosion rate of the glass is much
more subjected to controvert, because the process varies sensitively depending on the glass composition, solution
conditions , reaction time and so on. It is also required to develop the glass performance model taking the recent
knowledge on the glass reaction mechanism into account A geochemical approach, which describes geological
processes quantitatively by use of both thermodynamics and kinetics, is expected to be an essential method to
validate the long-term glass performance under the disposal conditions. Therefore, the purpose of this study is to
review the present status of the glass performance study from a geochemical point of view in order to suggest future
studies for validation of the long-term glass performance.

The previous studies have shown that the glass reacts with water to form more stable solid phases
following an initial dissolution stage of silica network hydrolysis. This process of transformation from the original
glass phase to another solid phases can be defined as "glass alteration", and the alteration products usually forming at
die glass surface are called "secondary phases" or "alteration-phases". Although the alteration-phase formation
usually proceeds very slowly, the recent studies have indicated that processes of the alteration-phase formation can
greatly affect the rate of glass dissolution and of the associated radionuclide release. Since the chemical
composition of the waste glass is similar to that of aluminosilicate minerals observed in natural environments, the
major alteration-phases are expected to be aluminosilicate phases. Thermodynamic calculations have been applied
to prediction of the potential alteration-phases forming during the long-term disposal periods, which indicated that
amorphous silica, chalcedony, analcime, smectite, kaolinite, gibbsite, or other mineral phases can form depending on
the glass composition, solution conditions and reaction progress. On the other hand, experimental studies on the
alteration-phases actually forming in laboratory experiments and natural environments have pointed out,
unfortunately, that current thermodynamic calculations rarely predict the actually forming phases. Disagreement
between the predicted phases and the actually forming phases is partly caused by uncertainty in the thermodynamic
data, because the actually forming phases are non-ideal phases with impurity and crystallographic defects. A poor
understanding of the formation kinetics is also supposed to cause the disagreement

Recent experimental studies on the glass alteration have indicated that smectite (2:1 clay mineral) and
analcime (zeolite) can be identified to form under neutral to slightly basic solution conditions as the major
alteration-phases affecting the glass alteration rate. If smectite forms as the major phase the glass alteration can
proceed very slowly with the rate controlled by a diffusion process. If analcime forms, however, the alteration rate
can be accelerated by consuming silica or alumina from solution. Since the glass alteration usually leads to the
release of radionuclides from the glass, the glass alteration rate can be assumed to equal to the release rate for soluble
radionuclides such as cesium. On the other hand, the alteration-phases such as smectite and analcime can retain
some radionuclides such as cesium by sorption or incorporation. Therefore, processes of the alteration-phase
formation and of the interactions with the radionuclides can greatly affect the radionuclide release rate. Since
cesium-135 is one of the most critical radionuclides controlling the exposure dose rate for the biosphere in the safety
assessment of the geological disposal, the alteration-phase formation can be one of key phenomena affecting the
performance of the geological disposal. However, the present understanding of the alteration-phase formation,
especially its kinetics, is insufficient for its application to the valid glass performance model.

The present review concludes that much progress is required to be made in a geochemical understanding of
the alteration-phase formation for a valid assessment of the long-term glass performance. In addition, further study
is required to develop the valid glass performance model taking the geochemical understanding into account
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8.2 Evaluation of uncertainty associated with parameters for long-term safety
assessments of geological disposal

Tetsuji YAMAGUCHI, Naofumi MINASE, Yoshihisa IIDA, Tadao TANAKA, Shinichi NAKAYAMA
Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

This paper describes the current status of our data acquisition on quantifying uncer-
tainties associated with parameters for safety assessment on groundwater scenarios for
geological disposal of radioactive wastes.

First, sources of uncertainties and the resulting priority in data acquisition were briefed.
Then, the current status of data acquisition for quantifying the uncertainties in assessing
solubility, diffusivity in bentonite buffer and distribution coefficient on rocks is introduced.
The uncertainty with the solubility estimation is quantified from that associated with
thermodynamic data and that in estimating groundwater chemistry. The uncertainty asso-
ciated with the difiusivity in bentonite buffer is composed of variations of relevant factors
such as porosity of the bentonite buffer, montmorillonite content, chemical composition of
pore water and temperature. The uncertainty of factors such as the specific surface area of
the rock, pH, ionic strength, carbonate concentration in groundwater compose uncertainty
of the distribution coefficient of radionuclides on rocks. Based on these investigations,
problems to be solved in future studies are summarized.

KEYWORDS: uncertainty, parameter, solubility, diffusivity, distribution coefficient,
bentonite, rock, radioactive waste disposal, geologic disposal, long-term safety assess-
ment

1. Introduction
Long-term safety assessments for geological disposal of radioactive wastes should include quan-

titative analysis on associated uncertainties. Mini-
mizing and quantifying uncertainties is anticipated
to contribute to increase credibility of the
long-term safety assessments. There is growing
interest in quantifying the uncertainties as prob-
abilistic distributions and in using the quantified
uncertainties as a part of risk information. The use
of the risk information is expected to improve effi-
ciency and effectiveness in making decisions espe-
cially in regulatory activities. Uncertainties in the
long-term safety assessments of geological disposal
consist of uncertainties with respect to parameters,
models and scenarios. This paper summarizes cur-
rent status of our data acquisition on quantifying
uncertainties associated with parameters for ra-
dionuclide migration analysis for safety assessment
of geological disposal.

There are a number of radionuclides and pa-
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Solubility (Np)

Effective diffusivity (Np)
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uncertainty associated with the
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rameters relevant to the safety assessment of geological disposal. It is neither possible nor necessary to
quantify all of the associated uncertainties. We should focus our experimental efforts on parameters
which induce large uncertainties and have not been quantitatively understood. JAERI's probabilistic
safety assessments^ for radionuclide migration provide probabilistic consequence distributions, and
concurrently quantify uncertainties with respect to parameters and conceptual models. Uncertainty
quantification, indicating parameters that induce major uncertainties in the radionuclide migration
analysis, can be made by using PRCC, partial rank correlation coefficient, as shown in Fig. 12). Figure.
1 shows that the Np migration in engineered barrier system has high correlation to solubility, effective
diffusivity and groundwater flow velocity, and not sensitive to the distribution coefficient on buffer
materials. Another analysis of PRCC between variable parameters and estimated flux from host rock2)

indicated the distribution coefficient as an important parameter for the host rock. Solubility, diffusion
in bentonite buffer material and sorption on rocks were selected as prioritized subjects in our data ac-
quisition for radionuclides migration.

We selected prioritized radionuclides to be studied based on the results from deterministic per-
formance assessments3'4), which were 79Se, 93Zr-93mNb, 126Sn, 135Cs, ^ N p - ^ U - 2 2 9 ™ , 242Pu-n6Ra, 14C,
129I. The solubility, the diffusivity in bentonite buffer and the distribution coefficient on rocks are im-
portant parameters for Se, Zr, Sn, Np and Pu. For soluble radionuclides such as Cs, C and I, the diffu-
sivity in bentonite buffer and the distribution coefficient on rocks are important. For 93mNb, 233U, 229Th
and 226Ra, daughter nuclides in decay chains, the distribution coefficient on the rock is the prioritized
parameter to be studied.

The uncertainties in the parameters originate in uncertainties associated with experimental data,
changes in physical / geochemical conditions in and around the repository with time, and inhomogene-
ity of natural barrier (spatial variation). The uncertainties associated with experimental data should be
determined in the experiments and compiled in databases. We suppose that changes in physical and
geochemical conditions are caused by NO3"/NO2"/NH3 rich environments possibly formed by reproc-
essing technological waste, corrosion of overpack, highly-alkaline environments formed by cementi-
tious materials, natural dissolved organic materials and saline environments in case of repository in
coastal areas. These chemical disturbances affect the parameters such as solubility, permeability, diffu-
sivity and sorptivity.

2. Uncertainties associated with solubility estimation
Solubility of Sn was determined as a function of pH, and the equilibrium constants were reported

by Amaya et al.5) for the reactions (1) and (2).
Sn(OH)4(s) + OH" = Sn(OH)5- K5 (1)
Sn(OH)4(s) + 2OH" = Sn(OH)6

2" K6 (2)

These reactions were studied for ionic strengths of 0.1 M, and reliable data for assessing the solubility
of Sn at high ionic strength, which is applicable to such as highly-alkaline environments, are not
available. We measured the solubility of Sn at high ionic strengths of 0.1, 1.0 and 2.0 M to determine
the equilibrium constants for reactions (1) and (2).

The results are shown in Fig. 2a. At the pH range between 9 and 13, the concentration of Sn in-
creased with pH with an average slope of around 1.3. The equilibrium constants were determined as
log Ks = -1.76 ( /= 0.1 M), -1.91 ( /= 1.0 M) and -1.41 ( /= 2.0), and \ogK6 = 1.67 ( /= 0.1 M), 0.70 (/
= 1.0 M) and 0.77 (/ = 2.0) by least squares fitting. The equilibrium constant for infinite dilution, / = 0,
was estimated by the SIT^ regression as logo's0 = -1.89±0.24 and logK6° = 1.3+0.5 and specific ion
interaction coefficients were calculated to be s(Sn(OHy - Na*) = -0.15±0.18 and s(Sn(OH)6

2- - Na4) =

151 -



JAERI-Conf 2005-007

0.63+0.37.

By using these data, we can estimate the uncertainty associated with the solubility estimation. In

the case that the variation in pH is between 9 and 10 with the variation in ionic strength of 0.01 to 1.0,

the variation in the pH gives the variation in the solubility of 1 order of magnitude, uncertainty associ-

ated with log Ks° gives the variation in the solubility of 0.48 orders of magnitude and the variation in

the ionic strength gives the uncertainties of 0.19 orders of magnitude. We can assume that the variation

in pH of only 1 pH unit brings the largest uncertainty into the solubility estimation for Sn. The varia-

tion in the ionic strength was found to give a less variation in the solubility of Sn than those given by

other factors.

10"2

10"3

io-

SiO"5
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10-"

10"9

4 5 6 7 8 9 10 11 12 13
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Fig. 2a Solubility of Sn as a function of
pH and ionic strength.
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Fig. 2b Solubility of Zr as a function of
pH and ionic strength.

Solubility of Zr in neutral to alkaline pH range is limited by

ZrCOH)4(s) = Zr(OH)4(aq) KA (3)

and is predicted to be constant at 10"8'6 M (2.5xlO'9 M) up to pH 12 based on the thermodynamic data75

as shown by a dotted curve in Fig. 2b. Shibutani and Yui (1998)8) suggested increase in the solubility

of Zr at the pH range higher than 9 due to the formation of Zr(OH)5". In order to decrease the uncer-

tainty in estimating the solubility, the solubility of Zr was measured at pH higher than 11. As shown in

Fig. 2b, the concentration of Zr was under the detection limit (10"7-2 M = 6.4x10"8 M) at pH < 13

(log&j < -7.2) and increased with pH at pH > 13 with the slope of 2. This increase is described by the

reaction (4).

Zr(OH)4(s) + 2OH' = Zr(OH)6
2- \ogK6 = -5.22 ± 0.07 (at / = 2 M) (4)

For the reaction between Zr(OH)4(s) and Zr(OH)5", the upper limit of the equilibrium constant was

estimated to be

Zr(OH)4(s) + OH" = Zr(OH)5- \ogKs < -6.1 (at / = 2 M) (5)

which is consistent with the literature data (logAT5 = -7.4 7)). The log£5 value of-3.9 given by Shibutani

and Yui8) probably overestimated the equilibrium constant.

Because the dominant reaction is given by Eq. (3), the variation in pH does not make any varia-

tion in the solubility, and neither does the ionic strength. The uncertainty associated with KA, the equi-

librium constant for reaction (3), carries the largest uncertainty into the solubility estimation.

3. Uncertainties associated with diffusivity in bentonite buffer

The diffusivity of radionuclides in bentonite buffer can be affected by porosity, montmorillonite
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content, chemical composition of pore water, temperature and redox conditions. Dependence on the
dry density is an experimental expedient and should be resolved into the dependence on the porosity
and that on the montmorillonite content. Literature data on the difrusivity of radionuclides in bentonite
buffer have large variations. Figure 3 shows an example for Cs which has a variation of 4 orders of
magnitude ranging from 10'12 to 10"8 m2 s'1. Some of the data were found inappropriately determined
without confirming the steady-state diffusion, and were rejected in this analysis of ours. We also re-
jected some of the data for the reason that we could not check their validity because of insufficient
reporting. The diffusivities of Cs still have a variation of 3 orders of magnitude as shown in Fig. 3,
which would be due to the variations in the porosity, the montmorillonite content and the chemical
composition of pore water, and experimental errors. Temperature does not introduce any variations
into the data because these data were determine from experiments performed under the ambient tem-
perature ranging between 23 to 25°C: The redox conditions also do not affect because Cs is not redox
sensitive and stable as +1 oxidation state.

o

| : our data

I: literature data i
f~ 1: rejected data| •

1-8

i i

0.5MNaOH
I

0.5 M NaCl
0.01 M NaCl

o 10-9

£

IO-14 io-13 io-12 i o - n io-10 io-9 lo-8

Effective dififusivity of Cs (m2 s'1)

io-7

=o 10
u

I,.
-10

-11

• : Sato & Shibutani (1994)

A:Mihara et al, (1999)

0.1

Porosity (-)

Fig. 3 Literature data on effective diffusivity
of Cs in bentonite.

Fig. 4 Dependence of effective diffusivity
of Cs in bentonite on porosity.

Effective diffusivity of Cs 9> 10) in bentonite depends strongly on the porosity as shown in Fig. 4.
The dependence is formulated as De = 3.7X1CV'1 although the mechanism of the slope of 3.1 on the
logarithmic plot has not been understood. The literature data shown in Fig. 3 were determined under
the porosity range between 0.25 and 0.8. The variation in the porosity gives the variation of 1.6 orders
of magnitude (0.831/0.2531 = 37 = 1016). The effect of the montmorillonite content on the diffusivity is
under investigation11*, and assumed here to be factor of 4 (0.6 orders of magnitude) based on the
model developed by Ochs et al.n\ We performed a series of diffusion experiments of HTO, Sn, Pb, Cs,
Sr, I in sand-bentonite mixtures for 3 types of pore water, 0.01 M NaCl, 0.5 M NaCl and 0.5 M NaOH
solutions to clarify the effect of the chemical composition of the pore water on the diffusivity. The
diffusivity of Cs was (1.17±0.14)xl0-9 m2 s"1, (3.3±1.0)xl0-10 m2 s"1 and (3.6±l.l)xlO-10 m2 s"1, respec-
tively13). The variation in the diffusivity produced by the chemical composition of the pore water was a
factor of 4 (0.6 orders of magnitude).

Based on the information, the porosity of the bentonite buffer is considered to be the most impor-
tant factor in assessing the uncertainty associated with the effective difrusivity of radionuclide in ben-
tonite buffer.
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4. Uncertainties associated with distribution coefficient on rocks
It is anticipated that the distribution coefficient of radionuclides on rocks are associated with

large uncertainties affected by many factors such as specific surface area of the rocks, pH of the aque-
ous solutions, ionic strength, concentration of car-
bonate ions and redox conditions. Figure 5 shows
the distribution of the literature data on Np sorp-
tion on crystalline rocks. The specific surface area
of the rocks used in these previous sorption ex-
periments varied between 200 and 4xl04 m2 kg"1 13\
which brought an variation of factor of 200 (2.3
orders of magnitude) to the Kd value. The pH of
the solutions varied between 6 and 12 in these data,
which gave an variation in Kd of 1 order of mag-

nitude, which was estimated based on the pH de-
pendent Kd values presented in our previous pa-
per14l Variation in the carbonate concentrations in
these data ranged from 5xl0"5 to 4xlO"3 M, which
produced a variation of 1 order of magnitude for

Kd of Np on
Crystalline rocks

10° lO"2 0.1 1
Kd (m3 kg"1)

Fig. 5 Distribution of the literature data on
sorption of Np on crystalline rocks.

the Kd. The Kd values of Np, a redox sensitive element, vary by 1 order of magnitude depending on
the redox conditions13). The dependence of the l v a l u e of multivalent metal ions on the ionic strength
of the aqueous solution is known to be insignificant15).

Notwithstanding the above considerations, the variation in the Kd values in literature seems to be
much larger than one expected by integrating variations of each of the affecting factors. The variation
in the Kd values in literature may include large experimental errors especially systematic errors. It is
essential to minimize the systematic errors in the Kd determination by understanding the affecting
factors, and performing experiments with an established method under well-defined conditions. We
have started our experimental study from establishing a method of sampling and treatment of undis-
turbed rock cores and groundwater under maintained reducing environments of deep underground for
sorption experiments16)

5. Summary and future studies
The uncertainty with the solubility estimation is quantified from uncertainty associated with

thermodynamic data and that in estimating groundwater chemistry. The uncertainty associated with the
diffusivity in bentonite buffer is composed of variations of relevant factors such as porosity of the
bentonite buffer, montmorillonite content, chemical composition of pore water and temperature. The
uncertainty of factors such as the specific surface area of the rock, pH, ionic strength, carbonate con-
centration and redox conditions compose uncertainty of the distribution coefficient of radionuclides on
rocks.

Future experimental study should focus on:
- Acquisition and compilation of key data with their uncertainties (ex. solubility of selenium, diffusiv-

ity of Th, distribution coefficient of reduced species (Se(-II), Np(IV), U(IV))),

- Understanding of variations in physical/geochemical conditions of repositories - model development
and verification (ex. Eh of pore water, alteration of bentonite buffer (permeability, porosity, mont-
morillonite content)),

- Understanding of correlation between physical/geochemical conditions and parameters (ex. solubility
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vs. ionic strength, solubility vs. temperature, diffusivity vs. montmorillonite content, distribution co-
efficient at high ionic strength) and

- Understanding of inhomogeneity of natural barrier (ex. specific surface area).
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8.3 Intercomparison of thermodynamic databases

Naoto TAKENO1

' National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki 305-8567,
Japan

Eh-pH diagrams give us fundamental information to understand solubility and sorption behavior in
aqueous solution. Comprehensive diagrams of Pourbaix (1966)!) and Brookins (1987)2) are well
known for the corrosion, immunity, passivation behavior of materials and for the geochemical
behavior of elements, respectively. The author compiled the Eh-pH diagrams using the various
thermodynamic databases (TDB's) for the purpose of showing the state-of-the-art, intercomparison,
and usefulness of quick lookup of the diagrams.

Compilation of the TDB covers 6 databases; 1) FACT (bundled with FactSage® 5.2), 2) SUPCRT3)

(updated with 98Updates distributed by Everette Shock on the Internet), 3) default TDB based on
Lawrence Livermore National Lab. Data0.3245r46 (LLNL) bundled with Geochemist's Workbench®
4.0 (GWB), 4) JNC-TDB4) (011213g0.tdb and 011213g2.tdb), 5) OECD-NEA TDB5) 6) 7) 8), 6)
ZZ-HATCHES-15. Elements selected for Eh-pH diagrams are those for which thermodynamic data
are available (excluding inert gases) including not only radionuclide species but also non-radioactive
species. Programs used for calculation are FactSage for FACT, GWB for LLNL, JNC-TDB, and
AIST in-house software FLASK-AQ for SUPCRT, OECD-NEA, and HATCHES. Eh-pH diagrams
for the system "Element-H-O" in 25°C, lxl05Pa, total concentration lxlO'10 mol/kg are drawn. All
species (either stable or unstable) considered for the calculation of Eh-pH diagram are listed in table
for comparison.

As a result, elements showing good agreement among TDB's on the Eh-pH diagram are as follows;
halogen, alkali, alkali earth elements (except Be and Ba), B, C, N, Si, P, S, Zn, As, Se, Nb, Ru, Ag,
Cd, I, Au, Th, and U. Elements showing disagreement in the alkali Eh-pH area are Be, Fe, Co, Ni,
Cu, Ba, Pb, La, Ce, Nd, Sm, Eu, Am, and Cm. Elements showing disagreements in the other area are
Al, V, Cr, Mn, Zr, Mo, Tc, Pd, Sn, Sb, I, Hg, Tl, Bi, Np, and Pu. Elements difficult to evaluate due
to less usable thermodynamic data are Sc, Ga, Y In, Lu, W, Re, Pt, Po, Pr, from Gd to Yb, (only
contradictory two TDB's) Ge, Rh, Te, Hf, Os, Fr, Pm, Ac, and Pa (only one TDB). Throughout this
work, characteristics of TDB were also made clear. As for the FactSage, aqueous species given only
standard state thermodynamic data are dropped from the calculation other temperature than 25°C.
This causes artifact of great difference of Eh-pH diagrams. SUPCRT lacks thermodynamic data of
elemental minerals and oxide minerals for Se, Cr, Mn, V, Bi, Sc, Y, Lanthanide, Th, In, M, Pb, Tl, W,
Zr, however it has advantage for capability to calculate equilibrium in the temperature other than 25°C.
LLNL and JNC-TDB data provide only logioK equilibrium constants, and cannot be traced back to
enthalpy, entropy, Gibbs free energy data. JNC-TDB has a problem on chemical formula
expressions. To discuss geochemical processes in alkali solution caused by groundwater-cement
reaction and in thermal solution heated by waste deposit, further data is required for TDB's.
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8.4 Modeling approach for safety of high activity waste disposal

Christophe SERRES1* and Francis BESNUS1

'Radiation Protection and Nuclear Safety Institute (IRSN), Waste Safety Department (SSD)
BP 17 92262 Fontenay-aux-Roses Cedex, France

This paper presents two examples of numerical modeling studies performed by
IRSN for assessing geochemical interactions and the role of engineered barriers for
the confinement of radionuclides. These examples illustrate the ability of numerical
calculations to contribute to the long-term safety assessment approach. In the first
example, disturbances and interactions between cementitious materials, bentonite
and clayey host rock are tackled by numerical calculations at process level that
enable addressing main issues of interest for performance assessment, e.g.
extension and intensity of mineralogical transformations and alkaline plume
spreading in the vicinity of the disposal tunnels. Once main disturbances and their
effects on confinement properties of repository barriers have been identified and
quantified, one may assess the role of each barrier on the overall safety of the
repository for various scenarios of evolution. This assessment is tackled by
integrated level calculations allowing quantifying radionuclide confinement
performance of the whole repository for different stages of alteration of its
components. The second example highlights the role played by bentonite
engineered barriers, plugs and seals as hydraulic and migration barrier in presence
of an excavation damaged zone around the vaults, drifts and shafts for different
hydrogeological settings.

KEYWORDS: radioactive wastes, underground repository, long term safety,
numerical modeling, cement/clay interactions, barriers confinement properties,
radionuclides migration

1. Introduction

In the framework of the Law of 1991 on radioactive waste that defines the main researches to be
carried out for radioactive waste management of high level and medium level long-lived wastes, the
French agency for nuclear waste management (ANDRA) is mandated to evaluate the feasibility of
geological repository. In this context, Andra implements an underground laboratory in the clayey Bure
site (east of France) and performs other investigations in relation with development of design options
for underground disposal facilities. The different elements of these studies have been reviewed by
IRSN from 2000 to mid 2004. IRSN will provide to the safety authority its conclusive technical
appraisal at the end of 2005 on the basis of the file that Andra is to establish by Law of 1991
termination.

The long-term safety of radioactive waste repository (over periods of time of several thousands
years) is based on the "concentration and containment" strategy. Achievement of this strategy relies
partly on design options which must contribute to minimize disturbances caused by the repository in
order to preserve confinement properties of the different components. Among main disturbances are
chemical and mechanical interactions between different exogenous materials (cement, steel
components, bentonite), host rock and disposal facilities that may cause damage to the host rock, the
different barriers and the canisters. An other important issue for long-term safety is the feasibility of
seals and plugs to close the repository in order to limit advective water flux and mitigate possible
by-pass of the host rock. To back up its technical appraisal, IRSN carries out numerical modeling
activities aiming, on the one hand, at quantifying physical processes and interactions possibly
occurring in an underground repository and, on the second hand, at quantifying confinement

Corresponding author, Tel. +33-1-58-35-91-64, Fax. +33-1-58-35-77-27, E-mail: christophe.serres@irsn.fr
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capabilities of the different barriers.
Among numerical modeling activities performed, IRSN studies focus on the understanding of

transient processes as chemical and thermal interactions, dehydration/rehydration occurring during
drilling and after closure of the repository, gas production and migration through the different
components [1] and long term behavior of the EDZ in an indurated clay [2]. New and
high-performance numerical methods [3] are also under implementation in the MELODIE2 code to
improve resolution of coupled flow and transport equations for highly heterogeneous systems.

2. General modeling approach

Modeling approach such as developed by IRSN aims at providing quantitative outputs regarding :

- the intensity, extension and characteristic timescales of different disturbances due to hydraulical,
chemical, mechanical and thermal interactions between wastes, exogenous materials of disposal
components and host rock,

- the expected confinement capabilities of the different barriers accounting for disturbances listed
above and for various hydrogeological settings governing flow patterns.

This modeling strategy is part of a broader approach for assessing the long-term safety [4] based on
a stepwise process for building confidence in the confinement properties of a facility. This stepwise
process relies on three distinct steps :

- Assessment of the disturbances caused by the repository and their possible influence on the
performance of each barrier,

- Assessment of contribution of confinement barriers and repository design to the overall safety of
repository for both normal and altered evolutions of the disposal,

- Assessment of individual exposures possibly arising from radionuclides release and transfer to
biosphere.

From a practical point of view, numerical calculations are split into two kinds of calculations
associated respectively to "process level" modeling and "integrated level" modeling.

2.1. Process level modeling

Process level modeling is mainly performed at the vault scale and aims at understanding and
quantifying (extension, intensity and duration) processes playing a role in the evolution of the
containment properties of the different components of the repository (waste packages, containers,
engineered barriers, plugs and seals) and of the "near field" (part of the host rock submitted to
interactions). In complement, such modeling must provide data that enable simulating transport of
radionuclides through the repository and host rock to the biosphere.

2.2. Integrated level modeling

Integrated modeling is mainly devoted to simulate radionuclide transport through the total disposal
system. Such modeling is a convenient tool to assess ability of the design options to compensate
weaknesses of site features or the degradation of some key components. More precisely, the
importance of the components confinement capability with regard of the whole disposal system is
appraised by quantifying the attenuation of radionuclide flux for various component performances and

MELODIE is a 3D finite element/finite volume code developed by IRSN to simulate flow and transport of
radionuclides. It has been currently used in the framework of Euratom exercises (EVEREST, SPA, BENIPA and
on-going NF-PRO exercises).
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for various evolutions of the repository system, accounting for the disturbances studied at process
level. To better highlight the assets or drawbacks of the investigated components in limiting
radionuclides releases, dysfunctions of the repository as well as unfavorable features are postulated in
complement of the expected evolution of the system.

To illustrate this stepwise modeling approach and its ability to provide lessons for long term
performance assessment, two examples of numerical modeling performed by IRSN to assess on one
hand, influence of cement/clay interaction and on the second hand, the role played by engineered
barriers in the limitation of radionuclide migration are presented hereafter. These two examples relate
respectively to process and integrated level and are part of calculations performed by IRSN in the
framework of the BENIPA project [5]. -

Figure 1 represents the general disposal layout used to perform both calculations, process level
calculations being only focused on one part of the total model consisting in the small tunnel (as shown
on figure 1). The computer model features the main components of a generic repository design that
may constitute a preferential pathway for radionuclide migration in case of convective flow occurring
in the facility (access shaft, drifts and excavation damaged zone (EDZ) around shaft, drifts and
disposal tunnels) or aiming at avoiding or limiting such bypass (bentonite buffers, plugs and seals).
Properties of the clayey layer are those of the Opalinus Clay. Handling drift connects the shaft to the
tunnels which are excavated to dispose of the waste packages. Due to geomechanical response of the
rock, a fractured zone called excavation damaged zone (EDZ) develops around the tunnels. Handling
drift is only backfilled with permeable clay material extracted from the excavation whereas bentonite
and cement made engineered buffers surround the waste packages. Bentonite plugs and seals are
placed at the intersection between small tunnels and drift and inside the handling drift. They are
represented in the computer model in order to either intersect the EDZ or not. In order to increase the
possible advective regime inside the repository so as to emphasize the possible role of components on
global flux attenuation, an advective fault intersecting the end of the drift and connecting lower and
upper aquifers was postulated.

3. Cement/clay interactions modeling and lessons learnt for performance assessment

Cement is often included in disposal design for purpose of handling and mechanical support. This
material is chemically very different from bentonite and represents a potentially important source of
perturbation.

Reactive transport modeling was performed with the HYTEC3 computer code so as to assess such
chemical perturbations in the near-field. The simulations aimed at:

- identifying the main interaction processes and main modifications of the bentonite geochemistry,

- specifying the space and time scales of the perturbation,

- evaluating the consequences on radionuclide migration in terms of solubility limits (SL) and
distribution coefficients (Kd).

A focus was given in this set of calculations on bentonite/cement interactions for a normal evolution
scenario, that is considering diffusion-driven processes inside the disposal tunnel.

The computer model is part of the model of which layouts are described on figure 1 and consists of
a simplified representation of a short horizontal disposal tunnel (20-m long, 2.5-m in diameter) for
spent fuel. The waste package (60-cm in diameter) is surrounded with a bentonite buffer. A 5-m thick
bentonite plug, held by a 1-m thick cement wall, isolates these components from the handling drift. An
excavation damaged zone (1-m thick) around the tunnel is accounted for, as well as several meters of
undisturbed host-rock (for the definition of boundary conditions).

HYTEC is a coupled geochemicaiytransport code developed by the Paris School of Mines.
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Regarding the chemical buffer role of bentonite plug, when cement components surrounding the
plug are considered, the alkaline perturbation is partly absorbed by mineralogical transformations
occurring close to the interface (figure 2). However, bentonite barrier does not prevent a high-pH
plume from reaching the waste packages surface (figure 3).

Regarding its chemical containment role, bentonite provides favorable retention properties (Kd and
solubility limits) for a wide range of radionuclides. In presence of cement, though geochemical
perturbations are marked, no significant change of bentonite retention properties has been showed by
calculation for a given set of radionuclides (U, Tc, Np, Ra, Cs). But these results must be taken with
caution regarding the lack of data available at 70C° for sorption (except for Cs and Ra) and solubility
limit (Tc). So, even if it appears that alkaline plume should have only minor influence on the bentonite
containment properties for the radionuclides investigated, performance assessment should be
completed by further analyses regarding:

- the completion of thermodynamic databases at higher temperatures than ambient, to derive
consistent solubility limits and Kd,

- the impact of the alkaline plume on a larger set of radionuclides of concern,

- the influence of a non-uniform propagation of perturbations through interfaces acting as
preferential pathways for alkaline plume spread,

- the sensitivity of the intensity and extension of alkaline plume to cement characteristics (pH) and
to hydrological properties of components (De,ai),

- the coupling between chemistry and mechanics, concerning for example the changes in porosity
and the evolution of interfaces over large period of time...

4. Assessing the role of engineered barriers in the near field

On the basis of the computer model described in chapter 2, IRSN assessed the role, of bentonite
buffers and seals in preventing and limiting radionuclide migration. The computer code MELODIE
was used to simulate flow and transport of radionuclides. Three situations were investigated regarding
respectively three hydraulic cases :

- the expected evolution of the repository when all bentonite seals are efficient ( "reference" case ),

- a bypass via the EDZ of all seals in the drift ("badly-sealed" case),

- the absence of seals ("no seal" case).
Figure 4 shows normalized activity fluxes with respect of time (breakthrough curves) calculated at

the intersections (considered as intermediate outlets) between upper aquifer (the hydraulic gradient is
upward oriented) and respectively shaft and fault. These fluxes are the results of the migration of the
instantaneous release of activity from the disposal tunnels for the three hydraulic conditions
considered above. Fluxes are calculated both inside and around the repository. Chemical properties
(SL and Kd) of radionuclides are derived from process level study presented chapter 3.

Comparison between activity fluxes for both soluble non-sorbed 129I and soluble sorbed 135Cs for
the three hydraulic cases allows to better understand the functioning of engineered barriers, seals and
host-rock and to assess their relative influence on the limitation of fluxes. The following lessons can
be drawn.

- Role of seals: when seals are effective ("reference" case), handling drift and shaft play no
specific role in the transport of radionuclides and diffusive transport regime occurs through the
facility. But, if seals are bypassed by EDZ ("badly-seal" case), influence of enhanced transport of
activity through EDZ can be noted by earlier and higher released fluxes. For the "no seal" case,
the shapes of activity flux curves are characteristic of advective dominated regime through
handling drift and shaft which constitute a fast pathway for all radionuclides.

- Role of bentonite buffer: the role of bentonite buffer has been assessed for the "no seal" case
being the worst "hydraulic" case investigated in this study. In this case, sorption in bentonite
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buffer delays the migration of radionuclides released from the waste packages towards the
backfill and the EDZ for a limited period of time (less than 10,000 years for 135Cs). The sorption
efficiency of bentonite buffer is enhanced for medium-life radionuclides that decay during
transfer (such as 9iNb) and in some cases prevent the solubility limit to be reached (never reached
for strongly sorbed 107Pd, because sorption contributes to reduce the aqueous concentration).
Finer analyses show however that the attenuation effects are only relevant for the fluxes
occurring from waste packages near the tunnel entry. Indeed, radionuclide migration is mostly
controlled by hydraulic flow in EDZ surrounding the tunnel (except for highly sorbed
radionuclides),

Role of host rock: when seals are effective ("reference" case), host rock is the main
diffusive pathway and clay delays and spreads the amount of activity. Even for the "no seal"
case, host rock still contributes to reduce the amount of sorbed radionuclides able to reach the
shaft (by a factor of 10 for 135Cs) because of the high sorption capacities all along the handling
drift. In this case, host rock acts as a "sink" for sorbed radionuclides.

Lessons learnt for performance assessment can be summarized as follow:

Because seals are essential to ensure a diffusive regime in all the facility, sealing capabilities
must be justified and design options must preserve bentonite seals from alteration,

Bentonite buffer does not play significant role on the migration of non-sorbed and soluble
radionuclides (no significant hydraulic role of bentonite barrier surrounding the waste packages
has been found in the settings studied since dead-end tunnels are efficient to preserve diffusive
conditions inside EDZ),

For the sorbed radionuclides, retardation due to chemical properties of bentonite buffer has to be
compared to the retardation provided by the favourable "sink" effect due to retention properties
of host rock, EDZ and backfill so as to identify its added value,

As a consequence, the choice of bentonite buffer around canister has to be justified on the basis
of the assets it can provide (chemical role to prevent waste packages from alterations, barrier for
chemical interaction so as to protect favourable sorption properties of host rock in near field...)
in comparison with the drawbacks it may procure.

5. Conclusions

Complementarity between both modeling approaches provides interesting back up in assessing
repository safety by focusing on main issues to be dealt with. As a matter of fact, process level
modeling allows to simulate complex processes such as chemical interactions between exogenous
materials and to derive integrated parameters for performance assessment modeling (Kd, SL,
variations in space and time of barriers properties...). Performance assessment of different
components at the scale of the repository is based on integrated level modeling that enables to
calculate activity fluxes. Such modeling highlights the role played by the different components in
attenuating activity fluxes. But these quantifications must account for the uncertainties related to the
lack of data, to the knowledge of complex coupled phenomena as well as to the performance of the
components that may be accounted for at industrial scale. As a consequence, sensitivity analysis is an
important issue for building confidence in the lessons drawn from the modeling studies.
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8.5 2005 Status and Future of Burnup Credit in the USA

Dale Lancaster
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At the beginning of 2005 in the USA burnup credit is licensed for
PWR and BWR spent fuel pools, is under license review for a transport cask,
is under discussion for disposal criticality. Two basic approaches exist for
burnup credit. The first approach, which is licensed for spent fuel pools,
utilizes criticality experience with spent fuel that has not been chemically
assayed. The second approach to burnup credit comes from utilizing
chemical assay data to validate the depletion calculations and then clean
critical experiments to validate the criticality calculation. A burnup credit
standard (ANS/ANSI-8.27) is under development where the two approaches
are actively discussed. Issues related to the two approaches are presented as
well as possible ways of resolving the issues.

Keywords: Burnup Credit, Validation, Criticality

1. Introduction

Criticality credit for the reactivity change of fuel during burnup is and area of great
interest in the USA and the rest of the world. To address this issue an ANS/ANSI standard is
under development (ANS/ANSI-8.27). This standard is attempting to address burnup credit
in all USA criticality applications; spent fuel pools, transport, and disposal. (The standard
does not address reprocessing.) This paper addresses the key issues raised in the development
of the standard and their context.

2. Current Burnup Credit Status

Most PWR spent fuel pools use burnup credit in their current license. Most BWR
spent fuel pools use a form of burnup credit called Gd credit in their current license. BWR
fuel assemblies increase in reactivity with burnup due the positive effect of Gd depletion.
Criticality analysis could be conservatively done by ignoring the presence of Gd. In Gd credit
the peak reactivity with burnup is determined and is used in the criticality analysis. In this
form of burnup credit no knowledge of the burnup of the assembly is needed but it does
depend on depletion analysis.

For PWR dry storage, burnup credit is used for loading the cask in the event of a
dilution event. This analysis is essentially the same as the spent fuel pool analysis. The key
reactivity control during loading is the soluble boron. During dry storage, it is acceptable to
take credit for the dry condition of the cask. The burnup credit for the dilution event is a
current license issue and may not be found in some dry storage cask licenses. There is no
burnup credit currently licensed for BWR dry storage. No Gd credit is currently allowed for
BWR dry storage.

As of February 2005, no burnup credit has been licensed for transport of nuclear fuel.
The US NRC has given guidance on acceptable burnup credit analysis (actinide-only) but no
applicant has chosen to apply. Figure 1 shows a typical burnup credit loading curve using
actinides-only. The dots on Figure 1 represent the fuel currently in the spent fuel pools. As
can be seen on the figure, using actinides only does not allow even half of the fuel to be
loaded. If absorber rods are placed in the guide tubes of 1/8 to V* of the assemblies in the cask
almost all the fuel could be loaded. The utilities in the USA have discouraged the cask
vendors from accepting the use of assembly absorber inserts so the only transport burnup
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credit license application under review uses fission products. The details of this license
application are proprietary. There has not been agreement yet on the burnup credit used in
this license application.

The US NRC has reviewed a topical report, which covered burnup credit for disposal.
The NRC has not commented on the details of the burnup credit approach but rather has
decided to wait on the details until the license application. The license application was ready
by the end of 2004 but has been put on hold due to non-criticality issues. No new date for
submittal has been established yet. The disposal burnup credit plan uses 15 fission products.

Actinlde-Only Loading Curve for a Typical 32 Assembly
Cask for Westinghouse 17X17 Fuel
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Fig.l Actinide-only loading curve for a typical 32 assembly cask for Westinghouse
17X17 fuel.

3. Spent Fuel Pool Burnup Credit and the Integral Approach

PWR spent fuel pools have sufficient soluble boron that criticality is not possible
even without burnup credit. The license, however, requires consideration of boron dilution.
Historically, spent fuel pool criticality safety was done using burnup credit to a k of 0.95
assuming pure water. For some time now a more aggressive criticality safety approach is
allowed which takes credit for some boron. The limiting criterion for the criticality safety
analysis is k must be less than L0 assuming pure water. The less limiting condition is that k
must be less than 0.95 with the minimum boron content possible in a reasonable dilution
event. The analysis validation comes from the power reactor. It is required that the depletion
tools used are shown to the same or more limiting than that used by standard fuel
management tools. No specific validation documentation of the fuel management tools is
required. Since core reactivity is constantly monitored, the fuel management tools are
considered validated with core data. This validation covers two possible errors, errors in
isotopic content and errors in reactivity worth (cross sections). Since the errors are integrated
together, this approach to validation is often called the "integral burnup credit validation."

For the PWR spent fuel pools two diverse methods are present which assure
criticality safety, soluble boron and burnup credit. BWR with Gd credit utilize the peak
reactivity for the fuel. During the low burnups there is excess negative reactivity from the Gd
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and to back up the burnup credit analysis. Thus there are two diverse methods of assuring
subcriticality at low burnups so burnup credit is allowed. At burnups greater than the peak
reactivity burnup only the burnup credit analysis assures subcriticality so burnup credit is not
granted. If burnup credit alone is used for criticality safety more conservative use of isotopes
and more documentation of validation is expected.

4. Transport burnup credit approaches

The initial approach for transport burnup credit was to utilize only actinides in the
analysis and to carefully validate both the depletion with chemical assays and the reactivity
worth with laboratory critical experiments. As shown in Figure 1 this approach was
insufficient for the bumup credit desired. Three approaches are being investigated to get
more burnup credit. The first is to add isotopes to the actinides using generally the same
approach as with actinides only. The second approach is to use a limited number of
documented power reactor startup conditions and apply integral burnup credit. The third
approach utilizes the dry condition of the cask and duplicated the approach taken for PWR
spent fuel pools.

4.1 Adding more isotopes

Chemical assay data for fission products has increased greatly with the addition of the
chemical assays done by JAERI.1 However, the chemical assay data covers a limited number
of fission products. Only Nd and Sm isotopes and Tc-99 have more than 3 data points. Nd-
143, Sm-149, Tc-99, Sm-152, Sm-151, Nd-145, Sm-150, and Sm-147 would be a significant
increase to the actinide only burnup credit.

Unfortunately, very little data exists that show we have the correct cross sections for
the selected fission products. The worth of Sm-149 has been measured multiple times
(Valduc and CERES) and is of sufficient worth you may even say power reactors. The worth
of Nd-143 and Sm-152 has also been measured multiple times (also Valduc and CERES).
Tc-99, Nd-145 and Sm-147 has been measured in the CERES experiments.

If one expects to use only isotopes validated with both chemical assays and worth
experiments there are only 6 fission products that meet this criteria; Nd-143, Sm-149, Tc-99,
Sm-152, Nd-145 and Sm-147 (in order of worth). If it is required to reduce the isotopic
content to assure 95% confidence of not over predicting the content and then reducing the
cross section to assure with 95% confidence that the worth is not over predicted the value of
adding these isotopes becomes small (but still worth further study).

4.2 Using power reactor data (Integrated approach for transport)

It has been proposed to use selected power reactor startup state points to validate both
the depletion analysis and the criticality analysis together. Unfortunately, there are a number
of issues when using this data. They are:

1) The data is limited for high burnup,
2) The data is all obtained at hot conditions, and
3) The physical conditions are not the same as the cask conditions

4.2.1 Limited data for high burnup
Discharge burnup is greater than the average burnup of critical core. Therefore it is

required to extrapolate data from lower burnup. Since extrapolation is required it is important
to correctly know the effective burnup of the core. The higher worth assemblies in a power
reactor core are the lower burnup assemblies. It would be improper to simply volume weight
the burnup of the assemblies in the core. Analysis of an equivalent homogeneous burnup is
required.
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Even though the average bumup of the power reactor state points is lower than
desired it may be possible to argue that experimental data exists to fix this problem. First, the
power distribution is a function of the reactivity distribution. Power distributions are
measured routinely. Power plants do not observe a trend on burnup in the ability to predict
the power. Since power distributions include assemblies of discharge burnups an argument
could be made to support higher burnups than the core average. No such argument has been
attempted in a license application yet.

data is all obtained at hot conditionsPWRs generally are not permitted to go critical until at
hot conditions (generated by use of pumps). Thus all the data has water densities of about .7
rather than 1.0 and as such the spectrum is harder than that in the casks. This could cause
problems if the cross sections were correct for power reactor conditions but not for cask
conditions.

Again it may be possible to argue that there is experimental data to cover this concern.
PWRs measure power coefficients with startups and make critical condition predictions for
the change in reactivity between hot zero power (HZP) and hot full power. The variation in
water density is less than between HZP and cask conditions but the critical power predictions
at power plants have been excellent. No attempt has been made yet to use power reactor
coefficient measurements or critical condition predictions is licensing a cask.
4.2.3 The physical conditions in the reactor core are not the same as the cask conditions

Casks have a great deal of steel (Fe) that is not found in PWR cores. Further, the
boron form and content is different than that in a cask. This problem can be addressed with
laboratory critical experiments but proper combination of data between the laboratory
experiments and the power reactor data has yet to be demonstrated.

Casks are shown to be resistant to leakage under severe accident conditions. If
nothing can leak out then clearly water cannot leak in. Using this property is call moderator
exclusion. One cask vendor has recently announced it plans to attempt to license their
transport cask utilizing moderator exclusion. Perhaps rather than fully utilizing moderator
exclusion it would be logical to notice that the dry cask has many similarities to the borated
spent fuel pool. Both systems have two diverse reasons they will not go critical. For the pool
it is the boron and burnup credit. For the dry cask it is the lack of moderator and burnup
credit. It has been proposed in discussions mat the dry cask analysis should be done to show
that it will have a k less than or equal to 1.0 if optimally flooded with pure water. Further that
the analysis can be done using fuel management tools for the depletion. This approach will
yield sufficient b'urnup credit that high capacity casks can be used without additional
absorbers in the assemblies.

It is only possible to use the dry cask conditions if the cask is never expected to be
flooded with pure water. This is the expected case in the USA where the casks are expected
to be unloaded dry at Yucca Mountain. This is not the case in much of the world where the
casks are unloaded in reprocessing pools, which do not contain boron. Further, this approach
will not help BWRs with their unborated pools.

5. Misloading a cask

In a PWR pool misloadings cannot cause a criticality due to the boron. It is possible
to assure that no misloading has occurred after the cask is loaded by reading the assembly ids.
It is recommended that the after loaded cask be video taped so an independent organization
can confirm that there is no misloading. Further it is recommended that prior to unloading the
cask in an unborated pool the unloading organization review the videotape to confirm proper
loading. If the cask is to be unloaded dry and loaded in a borated pool misloading is not a
concern. Due to the multiply independent mistakes that would have to be made so that a
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misloading could cause a criticality, a misloading should not be a design requirement in the
criticality safety analysis.

6. Burnup Verification

The international transport regulations require a measurement of burnup if burnup
credit is used. In the USA the regulator has been firm about desiring a burnup measurement.
Unfortunately, it has not been clear what the measurement is to prevent. Some have argued
that it is to prevent misloading but from the comments in the previous section it would seem
that this should not be a concern. Others have argued it is to catch erroneous reactor records.
If an assembly did not have the burnup expected and was loaded into the core, the power
distribution would not match the predictions. From the many years of reactor operations it is
clear that erroneous reactor records are very unusual.

The utilities in the USA have been refusing to measure burnup. Some utilities are
currently loading burnup credit storage/transport casks and have not been measuring burnup.
These casks are licensed only for storage at this time. The storage license utilized the boron
in the pool and dry conditions of storage. The transport license is expected to use burnup
credit. The resistance to the measurement is an issue of cost not technology. It is clear that
acceptable burnup measurement techniques have been demonstrated and are in use in Europe.

7. Summary

The USA has many years of bumup credit experience in spent fuel pools but no
burnup credit licensed for transport or disposal. One transport bumup credit application is
under review but it includes fission products and no measurement. Actinide-only burnup
credit is does not provide enough burnup credit to satisfy the utility customers in the USA.
To solve this three approaches are actively being pursued, 1) the addition of isotopes using
actinide-only type methods, 2) the use of power reactor data to yield and integrated
uncertainty covering all fission products, and 3) the use of fuel management tools backed up
by the dry nature of the cask.

A Burnup Credit Standard (ANS/ANSI-8.27) is under development, which tries to
unify the approaches to burnup credit. A draft of the body is complete but the hard fights on
the Appendices are just beginning.
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8.6 Safety Demonstration Analyses at JAERI for Severe Accident
during Overland Transport of Fresh Nuclear Fuel
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Introduction and Summary

It is expected in the near future that more and more fresh nuclear fuel will be transported in a
variety of transport packages to cope with increasing demand from nuclear fuel cycle facilities.
Accordingly, safety demonstration analyses are planned and conducted at JAERI under contract with
the Ministry of Economy, Trade and Industry of Japan. These analyses are conducted in a four year
plan from 2001 to 2004 to verify integrity of packaging against leakage of radioactive material in the
case of a severe accident postulated to occur during transportation, for the purpose of gaining
acceptance of such nuclear fuel activities.

In order to create the accident scenarios, actual transportation routes were surveyed, accident or
incident records were tracked, international radioactive material transport regulations such as IAEA
rules were investigated and thus, accident conditions leading to mechanical damages and thermal
failure were determined to characterize the scenarios. As a result, the worst-case conditions of
run-off-the-road accidents were set up to define the impact against a concrete or asphalt surface. For
fire accident scenarios to be set up, collisions were assumed to occur with an oil tanker carrying lots of
inflammable material in open air, or with a commonly used two-ton-truck inside a tunnel without
ventilation. Then the cask models were determined for these safety demonstration analyses to
represent those commonly used for fresh nuclear fuel transported throughout Japan.

Following the postulated accident scenarios, the mechanical damages were analyzed by using the
general-purpose finite element code LS-DYNA 1} with three-dimensional elements. It was found that
leak tightness of the package be maintained even in the severe impact scenario. Then the thermal
safety was analyzed by using the general-purpose finite element code ABAQUS 2) with three
-dimensional elements to describe cask geometry. As a result of the thermal analyses, the integrity of
the containment structure was found to be intact to maintain leak tightness even in the severe fire
accidents. In addition, criticality safety was assessed by using the continuous energy Monte Carlo code
MVP 3) and the nuclear data library JENDL-3.2 4) for the cask in consideration of the mechanical
damages and thermal failure resulted from the above analyses. As a conclusion, integrity of the
packages of fresh nuclear fuel materials can be maintained even in the case of the severe accident, and
criticality safety can also be secured to prevent radioactive material from releasing into environment.

TRANSPORTATION ROUTES

Almost all of nuclear fuel materials that are used for nuclear power generation in Japan are imported
in the form of UF6 or UO2 from foreign countries in Japan. These imported raw nuclear fuel materials
are processed into fuel assemblies at individual fuel cycle facilities. Therefore, inevitable needs come
arise for transporting the nuclear fuel materials between a port and/or fuel cycle facilities. This is
mainly performed overland by truck transportation. Enriched UF6 is moved from a port or an
enrichment facility to a re-conversion facility, and re-converted UO2 powder is conveyed from a port
or a re-conversion facility to a fuel fabrication facility. Then, fabricated fuel assemblies are carried out
to a nuclear power station. Distance of these transportation routes depends on the location of the ports,

- 170-



JAERI-Conf 2005-007

the related fuel cycle facilities and/or the nuclear power station.
Information on actual transportation routes is not open to the public from security point of view.

And it is natural to suppose the following routes to be taken for the fresh nuclear fuel transport.
Mainly taken are expressways and partly public trunk roads between the nearest ramp of the
expressway and the port, nuclear fuel cycle facility and power station. As structures

As structures of the Tokyo
metropolitan automobile express highways,
for example, are classified as shown in
Fig.l, mainly are overpasses and partly
tunnels for urban areas. On the other hand,
high bridges over mountain valleys, tunnels
and embankments are for rural areas.

Flg.1 Fraction of highway constractlon

DETERMINATION OF THE ACCIDENT SCENARIOS

Flra only
0.3%

Roll ovaj

Accidents occurred in the Tokyo metropolitan
express highways are classified, for example, as
shown in Fig.2. These accidents are mostly
characterized by rear-end collisions (nearly 50%)
followed by collisions with traffic facilities and
other cars. Rolling/turning over, or "running off the
highways" accidents, which might lead to severe
accidents, occupy only about 1% followed by only

about 0.3% of all accidents.Fig.2 Features at highway car accidents

Records have been surveyed not only for domestic but also overseas car accidents 5)'6)'7)'8)'9)>10)'11)'
12) resulting in the following findings concerning possible severe accident situation.

1) Large scale fire generated from multiple car collisions,
2) Large oil tank trailer Rolling/turning over on highway,
3) Truck run off the overpass and falling from great height,
4) Collision in tunnel leading to large scale and elongated fire.
It is considered that sudden steering maneuvers together with over speeds are main causes for these

recorded severe accidents. On the other hand, transportation of nuclear fuel materials are conducted
under a convoy in such a way that one or more trucks with payload travel in a line with other
accompanying cars for security guard in front or behind. Therefore, it is very unlikely for vehicles
carrying fresh nuclear fuel to induce accidents during transportation on roads. Further, it is not
considered to be possible to induce a double accident giving mechanical and thermal loads onto a cask
at the same time.

In accordance with the above survey results and observation, the following scenarios are determined
for the present safety demonstration analyses.

Scenario (1): Cask falling from overpass.
Scenario (2): Fire engulfing cask due to collision with oil tanker in open air.
Scenario (3): Cask involved in fire inside tunnel due to collision with two-ton truck.

Cited from NUREG /CR-4829 "Shipping Container Response to Severe Highway and railway
Accident Conditions" 1987, Fig.3 shows distribution of bridge heights in California, USA.

Fig.4 shows distribution of accident fall heights in USA experienced during 1970 and 1983.
Accordingly, most accident fall heights are enveloped by about 18m with a peak of about 9 m.
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Fig.3 Distribution of bridge heights along Interstate 5
, in California, United States of Amsrica.

0 10 20
Fall height (m)

Fig.4 Distribution of fall heights of accidents
experienced during 1970 to 1983 in USA

Consequently, for Scenario (1), it is assumed of a cask to fall 18 m from overpass onto targets of
asphalt or concrete pavement in orientation of horizontal, vertical, and corner against target surface.

The severity of fire accidents mainly depends on fire fighting activity as well as quantity of
combustible material involved. For Scenarios (2) and (3), fire accidents are assumed to be caused by
collision with a gasoline tank trailer in an open road, and with a two-ton truck in a tunnel without
ventilation.

For scenario (2), it is cited from the overseas report that a truck carrying Cs-137 was collided in a
open highway by a tank trailer with 40 kilo L gasoline, leakage of which caused a large-scale fire with
fire fighting activity lasting some 90 min in CANADA, 1976. The maximum flame temperature can be
assessed to be some 800 °C by applying the McCaffrey formulae. It is therefore assumed that a cask is
engulfed in a fire lasting maximum 90 min with constant flame temperature of 800 °C for defining
loading conditions of the scenario (2).

On the other hand, for Scenario (3), it is cited from the domestic report that multiple collisions
occurred in Go-wake tunnel of San-yo Expressway in Japan involving as many as 25 buses and
automobiles consecutively with two cars completely burned causing 1 death and 27 casualties. This
accident was characterized by difficulty in completely extinguishing fire requiring as long as 5 days
because of its enclosed condition in the smoke-filled tunnel without ventilation. Therefore, it is
assumed of a cask to be engulfed by a fire caused by collision with a commonly used two-ton truck in
an enclosed tunnel, requiring relatively long extinguishing time of 120 min. For defining loading
conditions, the ventilation air velocity is set to be 0.2 m/s which supplies the minimum oxygen
quantity necessary to continue gasoline burning in addition to assuming the maximum load of
combustible material for the two-ton truck. The heat-releasing rate is defined to be 34 MW for the first
10 min into the accident followed by 2.8 MW for the remaining 110 min.

PACKAGES FOR SAFETY DEMONSTRATION ANALYSES AND ANALYSES METHODS

- Standard packages containing enriched uranium hexa-fluoride (UF6), uranium dioxide (UO2) powder,
PWR and BWR fresh fuel assemblies, which have been licensed and in practical use overland in Japan,
are referred and modeled for the safety demonstration analyses.
- Computer codes for the thermal/structural safety analyses are selected as those widely used for
general-purpose three-dimensional analyses and utilized in the past licensing, such as finite element
analysis codes LS-DYNA!) and ABAQUS2). Furthermore, continuous energy Monte Carlo code MVP
with nuclear-data library JENDL-3.24) are used for criticality safety analysis.
- Verification of the computer codes are performed by comparison of calculated results with test results
described in Safety Analysis Report concerning the corresponding packages.
- The safety demonstration analyses are conducted following the severe accident scenarios set up as
above, and the analyzed results are compared with the design limiting values to ascertain the package
integrity even in the severe impact and thermal accident postulated during transportation.
SAFETY ASSESSMENT OF UO2 POWDER TRANSPORTATION PACKAGE
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Recently box style package is developed to transport UO2 powder to increase its capacity and
approved for practical usage by its licensing. The box type transport packaging is adopted for the
present cask model since this type of cask is considered to be for main use in transporting UO2 powder
presently and in the near future.

Drop impact analysis has been conducted at the corner of cask outer containment for the Scenario
(1) as shown in Fig.5. The results are shown in Fig.6, illustrating the greatest effective plastic strain to
be 25.8%. This value is below the limit to yield rupture deformation of the outer shell material so that
the inner containment canister assembly could keep its integrity during the imposition of impact.
Neutron moderator and absorber in the inner container could be safe with its design-specified position.
Inner container pitch changes by 48 mm at the closest position with the impact surface. Due to the
moderate change of the pitch and its localization, criticality safety can be predicted by appropriate
analyses.

Fig.S FEM model of UO2 powder transport

package drop impacted at its corner.

Fig.6 Results of corner drop impact analyses for

appearance and inside of UO2 powder packages.

Thermal safety analysis has been conducted for the Scenario (2), severe fire accident caused by
collision with a tank trailer. Fig.7 shows a finite element method (FEM) model of the UO2 powder
cask. The results are shown in Fig. 8 for temperature distribution inside the package and Fig.9 for
temperature history of structural material, illustrating that these inside structure temperatures don't
exceed the limit temperature guaranteed for their integrity.

i J
;*

Iff"

«

1$
i l

lit
Fig.7 FEM model of UO2 powder

transport package for thermal

safety analysis.

Fig.8 Result of temperature history

analysis inside UO2 powder

transport package

Fig.9 Result of temperature

history on the packaging.

Another thermal safety analysis has been conducted for the Scenario (3), fire induced by a two-ton
truck inside a tunnel. The size of the tunnel is 10 m(wide) x 5 m(height) x 120 m(length). The
temperature distribution inside the tunnel is analyzed as shown in Fig. 10. The maximum temperature
of the heat fluid inside the tunnel is obtained as 1101 °C (1374 K) at 10 min into the accident. The
temperature of the heat fluid at extinguishments of fire (120 min into the accident) is found to be 471
°C (747 K). Flame temperature is shown to be uniform and heat fluid to be moved by ventilation. The
temperature is distributed inside the package at 10 min into the accident as in Fig.9, when the package
surface temperature hits the maximum with the inside temperature increase rather suppressed. The
inside temperature reaches the maximum at 6 hr after the fire extinguishments as the shape of
temperature distribution become flatten by the effect of heat conduction. Fig. 10 shows the temperature
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histories of the inner containment canister assemblies. Their highest temperature is attained to be some
105 °C (378 K), which is below the limit temperature for maintaining integrity of the inner lid gasket
and neutron moderator/absorber material. As a conclusion, closure and sub-criticality can be secured
even in the course of Scenario (3)

SAFETY ASSESSMENT OF ENRICHED UF6 TRANSPORTATION PACKAGE

Fig.S FEM impact analysis

model of UFS transport

package.

Fig.6 Vicinity of the valve

analyzed for tha package

comer impact.

Although SOB cylinder with valve protection device (VPD)
covered by over-pack is conventionally utilized to transport
enriched UF6. Recently, a new design of over-pack without VPD
has been developed and approved by competent authorities

The over-pack consisting of outer shell, inner shell with
shock absorber and fire resistant material and the 30B
cylinder inside are shown in Fig.S. The valve is modeled as
a hexagon pillar with its approximated dimension of
external shape. Impact is imposed at the corner of the
packaging and the vicinity of valve is shown in Fig. 6.
Otherwise, vertical and horizontal attitudes are taken for
the impact analyses. It is found that the valve is not
touched in any analyzed attitude for the severe conditions.

Fig.7 The temperature distri-

bution of the heat fluid at 10 min in

to the tunnel fire accident

The heat fluid inside
the tunnel is analyzed
for the Scenario (3) as
shown in Fig. 7. As a
result, the inside of 30B
cylinder is not filled
with liquid even in the
severe conditions.

SAFETY ASSESSMENT OF PWR FRESH FUEL TRANSPORTATION PACKAGE

Fig.8 shows an example of impact analysis result for
the scenario (l), 18 m drop to concrete surface with
cask oriented horizontal. As a result, the compressive
strain of the upper case (down in the figure) is the
maximum, but still less than the rupture strain 40 %
concerning SUS 304 stainless steel. Therefore, the
cask closure is maintained. For the scenarios (2) or (3),
the surface temperature of fuel pin is analyzed to be
less than the maximum allowable temperature of 570
°C, which was proven by the safety demonstration tests for
fresh fuel transportation casks performed in another place.

Fig.8 Analyzed deformation

of PWR fresh fuel package

subject to horizontal fall at

0,02 s after the contact with

target surface.
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Ex.1 Calculational model for PWR fuel package

Results of
impact analysis

CRITICALITY SAFETY ASSURANCES DURING THE SEVERE ACCIDENT

In addition to the impact and thermal safety analyses by the severe accident scenarios, criticality
safety analyses are at the same time conducted with the premises that package experienced the
maximum deformation and component loss due to shock of fall impact and high temperature of fire
accidents. For example, modeling of PWR fresh fuel assembly is shown in the upper of Fig.9.

As shown in this figure, the maximum
deformation of outer shell is assumed
with fuel assemblies and boron stainless
steel considered due to simplification for
criticality analyses. Subsequently,
neutron multiplication coefficient is
analyzed with parametric change of inner
space moisture density surrounding the
fuel assemblies. For BWR fresh fuel
assembly, analyses are made similarly as
shown in the lower part of Fig.9. This
part illustrates how modeling is
constructed with fuel pins surrounded by
polyethylene sheet. The results of
criticality analyses are shown that
neutron multiplication is calculated to be
less than 0.95, thus securing criticality
safety even in the case of severe accident.

ater
moisture Boron

SUS304

PWR Fuel asse>b(

Ex.2 Calculational model of BWR fuel package
Results of ^
thermal analysis ^ ^ F

BWR Fuel assemb

Inner container

tes

Polyethylene
surroundings

Fig.9 Modeling of PWR and BWR fresh fuel packages

separately shown here
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8.7 Study on Safety Design of Interim Storage Facility
-Spent fuel integrity and monitoring-
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In the spent fuel integrity study, spent BWR-MOX fuel rods and PWR-UO2 fuel rod
stored in air or pool for twenty years were used. The burnup of the BWR-MOX fuels is at
about 20MWd/kgHM and that of the PWR-UO2 fuel is at 58MWd/kgHM. Post irradiation
examinations (PIE) were carried out on: a) visual inspection of the cladding surface, b)
puncture test or gas analysis in a capsule, c) ceramographic examination, d) pellet density,
e) electron probe microanalysis of pellet, f) cladding tensile test, g) hydrogen content and
hydride orientation in cladding, h) hydrogen redistribution in cladding under a
temperature gradient. The PIE results showed no marked difference in the visual
inspection, fission gas release, oxide layer thickness, microstructure of pellet, cladding
mechanical properties or hydride orientation after storage. In the study of non-destructive
monitoring, a detection method of the gamma ray (514keV) emitted from Kr-85 gas
leaked from defected spent fuel rods was developed through small scaled mock-up
experiments and simulated calculation. The result showed that leakage could be detectable
under the noise gamma rays by using the detection system with collimator, if the release
of Kr-85 gas from spent fuel rods is more than 10%.

KEYWORDS: Concrete cask, Dry storage, Spent fuel, Post irradiation examinations,
Non-destructive examination, Kripton-85

1. Introduction
Spent nuclear fuel generation from nuclear power plants is increasing and the spent fuel exceeding

the capacity of the domestic reprocessing plant shall be stored in Japan. Interim storage facilities
away from reactor will commence their operation after 2010. Concrete cask storage method is one of
the candidate methods due to its economical advantage. Important functions in safety design of the
concrete cask are: containment, shielding, sub-criticality, heat removal. In order to verify these
functions, R&Ds were carried out under a contract from Ministry of Economy, Trade and Industry of
the Japanese government.

Topics related to spent fuel among the R&Ds were spent fuel integrity and non-destructive
monitoring of spent fuel during and after the storage. Information on spent fuel integrity is required for
safety analyses for radiation exposure, shielding, sub-criticality, etc. A non-destructive monitoring
technology is required in order to confirm integrity of spent fuel in a seal welded canister in the
concrete cask without breaking the seal.

2. Post Irradiation Examination to Investigate Spent Fuel Integrity during Dry Storage
2.1 Fuel specifications and as-fabricated microstructure

Table 1 shows the specifications of the BWR-MOX and PWR-UO2 fuels used in this study. The
initial helium gas pressures in the BWR-MOX and the PWR-UO2 fuel rods were 0.1 MPa and 3.3MPa,
respectively. In particular, the PWR-UO2 fuel rod also contained air at atmospheric pressure.

Table 1 Specifications of spent fuel stored for twenty years
Fuel
Enrichment (wt%)
Rod array

BWR-MOX
2.7/2.25 (Pu/Puf)

6x6
Rod average burn-up (MWd/kgHM) 18-22
Storage condition 20years (wet or dry)

PWR-UO2

3.6 (a sU)
14x14

58
20years (dry)

2.2. PIE results for BWR-MOX fuel before and after twenty years
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2.2.1 Puncture test and gas analysis
The puncture test and the gas analysis were performed to evaluate additional gas release and to

investigate the difference between the release behavior of fission gas and helium gas during storage.
Table 2 summarizes the results of the puncture test and gas analysis for fission gas before and after
storage. Fractional fission gas release before and after storage is about 14%. In the atmospheric gas
analysis of capsule-stored segment fuels, no fission gas was detected. This result indicates that there is
little additional fission gas release during storage.

Table 2 Fission gas release before and after storage of BWR-MOX fuel
Fuel rod

Before/after storage
Burn-up (MWd/kgHM)
FP gas release (%)
Xe/Kr ratio

Wl

After
21.4
14.0
16.3

A

Before
21.4
12.9
14.9

W2

After
18.2

12.4
16.5

D W3 B Dl D2

Before After Before Before Before
18.2

13.8
14.6

21.0
16.0
15.0

21.0
14.8
15.0

17.9
11.1
15.4

22.1
14.7
15.2

2.2.2 Ceramographic examination before and after dry storage of fuel
The pellet microstructure and oxide layer thickness were observed by ceramographic examination.

There were many radial cracks in the pellets after dry storage. The outer surface of the cladding
showed very uniform oxide layer of typically 2-3 um average thickness and the inner oxide layer
thickness varied between lum and 15um. The nodular thickness typically reached up to 30-35um. A
summary of results of ceramographic examination for BWR-MOX fuel before and after dry storage is
shown in Table 3.

Table 3 Summary of results of ceramographic examination of BWR-MOX (fuel D)
Sample Position* Burn-up Outer oxide Inner oxide** P/C gap Grain size

mm GWd/t um um um um
Before 630-655 26.7 Nodular:- 6^T2 4U,3U,2b,4b center: 8

Uniform:2-4 middle: 16
periphery:4

After 720 26.5 Nodular:30-35 1-15
Uniform:2-3

10-85 center:7
average:40 middle:7.5,

periphery: 3
Before 790-815 26.4 Nodular:-

Uniform:2-4
6-14 25,25,15 center: 10

middle: 14,
periphery:-

* Position from fuel bottom ** Inner oxide layer thickness includes Cs layer
These preliminary results showed no marked difference in microstructure after dry storage of these
low-burn-up BWR-MOX fuels.

2.2.3 Pellet density measurement after storage
In this MOX fuel, helium produced by alpha decay of higher actinides during storage was still

retained in the pellets. Thus, there is the possibility that helium retained in the pellets results in pellet
swelling during storage. Pellet density measurements were performed to investigate swelling. Figure 1
shows the summary of density measurements together with the values reported in the literature. The
measured results in this study were in the range of the results in the literature.
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2.3 PIE results for PWR-UO2 fuel after twenty years of dry storage

2.3.1 Visual inspection of the outer surface on cladding and the puncture test
The surface of the PWR-U02 fuel cladding was covered with a thin oxide layers. However, the

surfaces of the fuel cladding were generally sound, with no particular feature that could be attributed
to twenty years of storage. Fractional fission gas release determined by the puncture test was 2.2%.
This value is not significantly different from other results3>4).

2.3.2 Hydride orientation in the cladding
The hydride orientation can affect the mechanical properties of the cladding. The measurement of

hydride orientation was carried out and the results were evaluated as the Fn values. The measurement
results are in the range of 0.15 to 0.29, which is less than the JIS standard (< 0.45). It was concluded
that the integrity of the cladding was not affected by twenty years of dry storage.

2.3.3 Hydrogen redistribution under temperature gradient along fuel rod
Hydrogen concentrated in the cladding during irradiation can migrate from a hot to a cold region

along the temperature gradient on spent fuel rods during long storage period. Hydrogen forms hydride
when its concentration exceeds the solubility limit of the cladding in the cold region and can affect the
mechanical properties of the cladding. Thus, a hydrogen redistribution experiment was carried out to
determine the heat of transport related to hydrogen thermal diffusion along a temperature gradient.
Figure 2 shows the hydrogen distribution in six samples, which was obtained after cutting specimens
to 5mm in length, after the temperature gradient experiment. From these distributions and temperature
profiles, the heat of transport for hydrogen was estimated for claddings stored for twenty years and
unirradiated claddings, and is listed in Table 4. The heat of transport for claddings stored for twenty
years was significantly higher than that of unirradiated ones.

380°C 340°C 340°C

i I
Q Uninadiated

specimen

g 20 years storage

specimen

3 4 5
Specimen No.

2 3 4

Specimen No.

(a) 60ppm (b) 1 lOppm
*specimen length: 5mm

Fig.2 Hydrogen redistribution under temperature gradient.
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Table 4. Heat of transport obtained for hydrogen

sample. Heat or transport, kcal/mol
Unirradiatedsample

B 7.1
Irradiated sample stored for 20 years C

after irradiation D
17.7

10.6

The hydrogen redistribution in the PWR-U02 rod after forty years of storage was estimated by one-
dimensional diffusion calculation 5) using the measured heat of transport. The axial hydrogen
migration is not significant after forty years of storage under helium atmosphere, except at fuel rod
ends.

3. Development of Monitoring Technique for the Confirmation of Spent Fuel Integrity during
Storage

3.1 Concept of monitoring technique of defected spent fuel

It is required to confirm integrity of spent fuel rods stored in a canister. Since the surface of the rods
can not be visually observed, alternative methods are required. In fuel rods, fission products (FP) had
been accumulated during irradiation in commercial LWR. When a spent fuel rod has defects, gas
atoms of FP are to be diffused into the canister. Among them, rare gas Kr-85 is easy to release. Since it
emits distinct gamma rays of 514keV, existence of defects on some fuel rods can be identified by
detection of the gamma rays from outside of the container (Fig. 3).

Ge y ray detector

Fig. 3 Concept of present non-destructive monitoring technique

3.2 The mock-up examination

Experiments were performed using a small-scale mock-up canister and Kr-85 gas (Fig. 4) to
confirm the capability to identify the gamma rays of Kr-85 (signal) under high background
environment of gamma ray from whole spent fuels (noise).

SmaD-scale mock
up canister

Fig. 4 Whole view of the mock-up examination equipment using Kr-85 gas
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As the result,, it turns out that separation detection can be experimentally carried out with highly
resolution Ge detector (Fig. 5), although the gamma ray (514keV) of Kr-85 was close to the gamma
ray (511keV) of positron annihilation in energy. The Measurement limit function of Kr-85 was
acquired from these experiment data. Fig. 6 shows lower limit of the count of the gamma rays of
Kr-85 from the peak ratio of the gamma ray (2) of Kr-85 to the gamma ray (1) of positron annihilation
as a function of the base ratio of it to gamma ray of Compton scattering (3) shown in Fig. 5.

(1) SI lkeV : positron annihilation

tat
(3)

-I „ ... _ .

Comp

,_ _,

ton scattei

-

•ing

•• i

1

(2) S14keV: Kr-85

<r-85

— — -

signal

M» 20SO

20 30 40 50

Y ray peak ratio (51 lkeV/S14keV)

-•-Base Ratio: 100

-*-Base Ratio:60

-*-Base Ratio:30

-•-Base Ratio: 10

-•-Base Ratio:3

— Base Ratio: 1

— Base Ratio :0

70

Fig. 6 Measurement limit function of Kr-85

y ray spectrum around SOOkeV

Fig.5 Example ofy ray spectrum in the
mock-up examination

3.3 Application to actual canister design

The applicability of the proposed defect inspection method was studied and evaluated for a
canister of realistic design (loaded capacity: 21 PWR fuel assemblies). The most important issue is
that the canister lid shields signal gamma ray as well as background gamma rays from counters outside
the canister. To improve the detection efficiency of gamma rays from Kr-85, new lid design with a
non-penetrated hole was selected (Fig. 7). The structure toughness of the newly designed lid was
analyzed with ABAQUS code, for the severe accident events of 0.3m and 9m vertical fall during
transportation. It is concluded that the non-penetrated hole in the lid does not affect the structure
toughness and sealing of the lid.

Ge gamma __
ray detector

Collimetor

Side view of the
monitoring system

Canister

Canister
Vent

Lifting device

Fuel assembly

| Annihilation ray Drain Detection
Bottom plate

Fig. 7 Equipment of detection hole in the lid of storage canister for Kr-85 y ray detection.
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The detection performance of gamma rays was examined analytically. Gamma rays scattered
around the non-penetrated hole of the lid and annihilation gamma rays generated at the canister inside
bottom were dominant as noise gamma rays which interfere with the detection of signal gamma rays
emitted from Kr-85 gas. The defect of a fuel rod can be detectable under the noise gamma rays, if
there was more than 10% release of Kr-85 gas from the fuel rod (Table 5).

Table 5 The detection performance of gamma rays

Kr85 Release

% of Kr85 in a fuel
rod

514keVPeak(cps)

Measuring time:
3 hours

28 hours

280 hours

7.09E9 Bq

1 %

2.98E-3

X

X

X

7.09E10 Bq

10%

2.98E-2

7.09E11 Bq

100%

2.98E-1

•l'?r. •• -. :;-,' j ; ; ; - ? x - j Q ) . '.•'. ••. :y' \ :7\ : , '•;!:! ''?.

-:
:
 rr:-:-;:"-r-:-*izr.••...:::;:-::••,•-.."...:

• ; • - • - . • : . • , • . - - • - • • . ( y . . . . ; - : ' : : - r - ; v . .
: " : : ' - :•• : : , : . . ^ . ,.'i~ •:•<•:•:.•• •

Application of this monitoring technique was considered as inspection method for taking out spent
fuels from the interim storage facility to the reprocessing plant. In concrete cask storage, since it is
necessary to repack a canister to a transport cask at the time of taking out, the inspection of the
monitoring technique can be applied at repack area in storage facility. The concept and the
employment method of the monitoring equipment were examined, and canister inspection time of the
present monitoring technique is prospected to be one day before taking out.

Summaries

The PIE of stored spent BWR-MOX fuel (2.7wt%Pu, 20GWd/t) and PWR-UO2 fuel (3.6wt%235U,
58GWd/t) was carried out to evaluate fuel integrity during storage. Both types of fuels were stored
under the wet or dry (in air) condition for twenty years. The following PIEs were carried out in this
study: a) visual inspection of the cladding surface, b) puncture test or gas analysis in a capsule, c)
ceramographic examination, d) pellet density, e) electron probe microanalysis of pellet, f) cladding
tensile test, g) hydrogen content and hydride orientation in cladding, h) hydrogen redistribution in
cladding under temperature gradient. The results show no marked difference in the visual inspection,
fission gas release, oxide layer thickness, and microstructure of pellet, cladding mechanical properties
or hydride orientation after storage. The axial hydrogen migration calculated using the heat of
transport measured was also not significant after forty years of storage in helium atmosphere, except at
fuel rod ends. Non-destructive monitoring, the detection method of the gamma ray (514keV) emitted
from Kr-85 gas was developed using a small scaled mock-up experiments and simulated calculation.
The result showed that the defect of a fuel rod could be detectable under the noise gamma rays by
using the detection system with collimator, if there was more than 10% release of Kr-85 gas from a
spent fuel rod. This monitoring technique is considered as inspection method prior to transportation of
spent fuel from the interim storage facility to the reprocessing plant.
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9.1 Solution Chemistry and Coordination Chemistry of Actinides Elements

T. Yaita1, S. Suzuki1, Y. Okamoto1, H. Shiwaku2, Q. Liu1 T. Kimura1, Y. Muramatsu2

and D. K. Shuh3

Department of Materials Science, Japan Atomic Energy Research Institute, Tokai-mura,
Naka-gun, Ibaraki 319-1195, Japan
Synchrotron Radiation Research Center, Japan Atomic Energy Research Institute, Koto,
Mitazuki-cho, Sayo-gun, Hyogo 679-5148, Japan

3 Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720,
USA.

The coordination chemistries of lanthanides and actinides give us key information toward design of
separation system of these elements. Until now, we have performed investigations of complex
structure and electronic structure using x-ray crystallography, the synchrotron radiation methods of
EXAFS/XANES, XES, and NEXAFS. The ligands we have studied to date are; 1) mono- and
muti-dentate phosphine oxides and amides as oxygen donor ligands; and 2) mutidentate soft donor
ligands. The oxygen donor ligands do not show any difference between Ln(III) and An(III) of the same
size and their complex structures are determined mainly by a relationship between structure of the
molecule and the occupancy around the metal ion. Figure 1 is one of the examples, which depicts the
relationship between bond distance and atomic number determined in Ln (III)-CMPO complexes.
CMPO coordinated to lighter lanthanides having larger coordination space by both cis- and trans-type
structure, while CMPO coordinated to heavier lanthanides by only trans-type structure. In solution
state, furthermore, the asymmetry between carbonyl and phosphoryl group increases. These
differences sometimes affect on extraction behavior of ion. In contrast, soft donor ligands have weak
interactions with these elements based on the results of our earlier structural study but have somewhat
of a more covalent nature in the chemical bond with 5f electron of An(III) than with 4f electron of
Ln(III), so that there are often differences in the formation constants between An(III) and Ln(III).
These characteristics would be useful for separation of An(III) from Ln(III). In this presentation, we
summarize the status of our work in this area and discuss the structure and chemical bond properties of
ligand complexes based on our latest results.

1a
•c

2.55

2.5

2.45

2.4

2.35

2.3

R -Cis
Ln-O(C)

R -Cis
Ln-O(P)

Solution

trans

R -trans
Ln-O(P)

' n
R

Ln-O(DPDO)

56 58 60 62 64 66
Atomic number

. . . i

68

Trans

Fig. 1 The relationship between bond distance and atomic number in Ln-CMPO complexes
*(•,») denote the Trans-type structures derived from phosporyl and carbonyl groups, respectively;
(•,«) denote the Cis-type structures derived from phosporyl and carbonyl groups, respectively; (A)
denotes phosphoryl group of DPDO (diphosphine dioxide).
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9.2 Pyrochemical Properties of Actinides Elements

Mitsuo AKABORI, Hirokazu HAYASHI and Kazuo MINATO

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

The present status of research works on pyrochemical processing is introduced in
view of: 1) the process concept; 2) R&D progress; 3) new experimental facilities in
NUCEF. Basic laboratory studies with rare-earth elements have almost been
completed and hot tests with americium have been started at the TRU-HITEC
facility in NUCEF.

KEYWORDS: Pyrochemical reprocessing, Minor actinides, Nitride, Oxide,
Rare-earth, Molten Salt, TRU-HITEC, Americium

1. Introduction

The primary nuclear policy of Japan adopts a uranium and plutonium fuel cycle system, in which
the recovered plutonium will be recycled in LWR and FBR as MOX fuels in a near future period.
On the other hand, the vitrified high-level radioactive wastes with minor actinide (MA) elements and
fission products will be geologically disposed in underground formation deeper than several hundred
meters. Fundamental goals of this closed fuel cycle system are safe and effective use of the
plutonium generated from LWR power generations. In this viewpoint, there are two options: 1) P&T
of MA elements such as Np, Am and Cm; and 2) a multi-recycling of plutonium, as shown in Figure 1.
As a result, reprocessing technology applied for these options has been strongly studied in Japan.

The pyrochemical reprocessing including a molten salt electrorefining has been identified as one of
the promising reprocessing techniques for advanced fuels as metals and nitrides. Also, the process
has recently been discussed for spent nuclear oxide fuels in order to achieve the cost reduction of
reprocessing. The process has several advantages such high radiation resistance, compactness, etc.,
in the comparison with a conventional wet process for reprocessing the spent fuel such as the PUREX
process.

In JAERI, the concept of the transmutation of MA elements with accelerator-driven system (ADS)
is being studies, where MAs nitride and pyrochemical reprocessing are adopted as a fuel material and
reprocessing method, respectively. By applying the pyrochemical reprocessing in the treatment of
nitride fuel with N-l 5 enriched nitrogen, expensive N-l 5 could be readily recovered and recycled1*.

Interim Storage

Reprocessing HLW

Short-lived FP | '*>»

Fuel Fabrication
Final disposal

Fig.l Nuclear fuel cycle system in Japan with the P&T cycle
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There is a very limited possibility in Japan to handle and fabricate fuels/targets containing significant
amount of MAs such as Am and Cm. In addition an inert atmosphere is necessary for handling of MA
nitrides and other MA compounds such as chlorides. Within a collaborative program between JAERI
and the Japan Atomic Power Company (JAPC), a new facility, called the Module for TRU High
Temperature Chemistry (TRU-HITEC), has already been constructed in NUCEF. It consists of three
hot cells shielded by steel and polyethylene and one glove box, where a high purity argon atmosphere
is maintained. The limiting masses are 10 g of 241Am and 0.02 g of 244Cm. Many experimental
apparatuses for MA fuels and pyrochemical reprocessing were installed in the cells and glove box.

2. Process concepts

The pyrochemical reprocessing using molten salts and liquid metals as a solvent have some
advantages in comparison with the wet process using solution and organic solvent. Major advantage
is that the pyrochemical reprocessing is well suitable for oxide and some advanced fuels such as metal
and nitride fuels. In the pyrochemical process, there are two semi-industrial scale level reprocessing
technologies are available for metallic fuel and oxide fuel. The common features are dissolution of
spent fuel elements in a molten salt bath around 700-1000 K, and then selective recovery of
constituent elements of spent fuels for recycling or conditioning by electrorefining method.

However, in contrast to many advantages, there are some uncertainties such as separation
performance between actinides and lanthanides, material selections. In particular, there are little data
on pyrochemical properties of MA elements such as Am and Cm. As technological problems, there
are material selection at high-temperature and corrosive atmosphere such as CU and O2, treatment of
salt waste, equipment designs such as the electrorefiner, especially considering critical safety and
efficiency and process design of plant for cost reduction.

The electrorefining process is the key step in the pyrochemical reprocessing, where the actinide
elements including MA elements are recovered and separated from fission products in the spent fuel.
Figure 2 shows the electrorefining processes for metal/nitride fuel and oxide fuel schematically. In
the case of metal or nitride fuels, an eutectic mixture of LiCl-KCl ( melting point 620 K ) is used as a
solvent. In general, the electrorefiner is operated at a temperature of 770 K. The actinides from the
spent fuel are transported from the anode basket to two kind of cathodes by means of an applied
electric current. On the solid cathode, uranium metal is mainly collected. On the liquid cathode
such as Cd, plutonium and MA elements are collected. On the other hand, in the case of oxide fuel,
NaCl-based molten salts such as NaCl-KCl or NaCl-2CsCl are used as a solvent. Operating
temperature is about 1000 K and higher than LiCl-KCl salt for metal/nitride fuels. In this process,
oxide such as UO2 is dissolved in molten salts by chlorination with Cl2 gas and the uranyl ion, UO22"1"
is reduced to oxide on the cathode. During the joint electro-deposition of UO2 and PuO2 as MOX
fuels, it is necessary to treat with a C12-O2 mixture gas to create the required concentration of plutonyl
ion.

Liquid Metal
Solid Cathode Cathode (Cd)

Anode

\

CI;2 Spent oxides

IJO2, MOX

(IJCI-'KO)

a) for metal/nitride fuels

NaCl-2CsCi

b) for oxide fuels

Fig.2 Electrorefining processes for metal/nitride and oxide fuels
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Table 1 shows an ordered list of the stabilities of the chlorides of the elements involved in the
pyrochemical processing, expressed as standard free energies of formation at a temperature of 773 K2).
From the relative chloride stabilities, it is obvious that fission products are stable in salt phase, and
actinides are electro-transportable to exit in equilibrium both as metals and as chloride at various
stages in the pyrochemical process.

Table 1 Stabilities of some chlorides (AG°f in kcal/mol)

Stable
(salt phase)

ESectro-
transportable

Unstable
(metal phase!

CsCl
KCS
LiCI
NaCI
LaCS3

CeCI3

YCI3

AG°f

-87.8
-86.7
-82.5
-81.2
-70.3
-68.6
=65.1

PuCS3

NpCI3

UCI3

AG°f

=62.4
-58.1
-55.2

CdCI2

FeCI2
M0CI2

AG°f

-32.3
-29.2
-18.8

3. Pyrochemical properties of rare-earth elements in molten salts

The preliminary experiments for pyrochemical reprocessing studies using rare-earth elements were
almost completed in the TRU-HITEC facility. In the electrochemical measurements, an
electrochemical cell, as shown in Figure 3, is generally used to obtain redox potentials,
electrochemical properties and so on. Figure 4 shows the cyclic voltammogram of Gd in LiCl-KCl
eutectic salt. The cyclic voltammetry is very popular technique to obtain information such as
reactions occurred at electrode surfaces. In this figure, dissolution and deposition of Gd was
occurred at about -2.1 V.

0.1

0

R,W,C: reference, working & counter electrodes

E0:redox potential

-0.1

cr->i/2ci24«-

A
Gd3++3e"=<3d

1.078V

U++e"=Li

•-3 -2 -1 0 1
E(Y)vsAg/Aga(X=0.0413) CW-i

Fig.3 Electrochemical Cell Fig.4 Cyclic Voltammogram of Gd3+ in LiCl-KCl at 723 K

Figure 5 shows the dependence of the redox potentials of Gd3+ on GdCl3 concentration in LiCl-KCl
eutectic salt. Figure 6 shows the galvanostat measurement of Gd deposit reaction. From the
time-potential diagram, the diffusion coefficient of Gd ion in salts can be estimated using the
theoretical relationship.
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1.5
X(GdCI3) -1/2

Fig.5 Dependence of redox potentials vs. X(GdCl3)
in GdCl3-LiCl-KCl

Fig.6 Dependence of current density vs. z
in GdCl3-LiCl-KCl

-1/2

In the pyrochemical reprocessing for oxide fuels, the behavior of actinide elements in molten salts
strongly depends on potential and oxoacidity. Therefore, it is very important to obtain the
potential-oxoacidity diagram, namely Pourbaix diagram. Figure 7 shows the calculated pourbaix
diagrams of Pu-O-Cl and Am-O-Cl systems. In the Pu system, oxide phase of PU2O3 phase is very
stable in a wide range and PuOCl phase is unstable. On the contrast, in the Am system, the
oxychloride, AmOCl phase is very stable in molten salts.

rf'lfflldfari & 160kJArol X(AnCl3)=0.01 T = 7 2 3 K

-5 0 5

PO2"
a) Pu-O-Cl system

10 15

Ai

6)

AmA

2]

ArrOCl

y)
i) ^——

Am
I . I .

-

-

10)

Ama2 -
5)

0 5 10
PO2"

b) Am-O-Cl system

15

Fig.7 Potential-pO diagrams for Pu-O-Cl and Am-O-Cl systems

It is very difficult to perform the experimental studies using plutonium and MA elements such as
Am and Cm. In this viewpoint, development of simulation technique for obtaining the
electrochemical behavior in molten salts is very important and very useful. Therefore, a simulation
code combined with chemical reaction analysis and electrode reaction analysis by means of a
numerical method has also been developed.

More recently, the handling of gram-ordered 241Am for measurement of the pyrochemical properties
is started in the module for TRU high temperature chemistry, TRU-HITEC, in NUCEF. The
preparation of pure AmCl3 was successfully completed by means of a solid-solid reaction method.
The experimental studies on electrochemical behavior of Am in molten salts such as LiCl-KCl and
NaCl-2CsCl are now on-going in the TRU-HITEC facility. Figure 8 shows the electrorefiner settled
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in the hot cell of the TRU-HITEC.

Fig.8 Electrorefiner in a hot cell of the TRU=HITEC
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9.3 Present Status of Advanced Aqueous Separation
Process Technology Development

Tomozo KOYAMA, Yuichi SANO, Masayoshi KAMIYA, and Atsuhiro SfflBATA
Japan Nuclear Cycle Development Institute, Tokai-mura, Ibaraki 319-1194, Japan

In "the Feasibility study on commercialized fast reactor cycle systems" begun in
1999, the commercialized candidate concept of the process as the advanced aqueous
reprocessing system has been examined. This process, named NEXT, includes such
advanced process elements as high efficiency dissolution, crystallization, U/Pu/Np
co-recovery, and MA recovery. Small scale hot tests of these process elements have
been conducted with irradiated fuel of the experimental Fast Reactor "JOYO" in
Chemical Processing Facility(CPF). The prospect of the technical feasibility of the
NEXT process is being obtained as a promising candidate concept.

1. Introduction
Japan Nuclear Cycle Development Institute (JNC) has been proceeding "the Feasibility study on

commercialized fast reactor cycle systems" aiming at enhancement of economic competitiveness,
utilization of resources, reduction of environmental burden, and nuclear non-proliferability since 1999.
In this study, the advanced aqueous reprocessing system named NEXT (New Extraction System for
TRU Recovery) has been developed. The NEXT process consists of high efficiency dissolution,
crystallization, U/Pu/Np co-recovery, and MA recovery with Solvent Extraction for Trivalent
f-elements Intra-group Separation in CMPO-complexant System (SETFICS).

Also the direct extraction process has been considered to have potential to simplify the conventional
aqueous process, especially with supercritical carbon dioxide.

Present status of the development, focusing on hot test result, will be introduced hereafter.

2. High Efficiency Dissolution
JNC has been developing the high efficiency dissolution for preparing the dissolver solution fed to

the crystallization process. The HM (U + Pu) concentration in the dissolver solution is required to be,
quite severer condition than the conventional PUREX, 500 ~ 600 g/1 for the crystallization process.

Figure 2-1 shows the calculated dissolution behavior of irradiated MOX powdered fuel and sheared
fuel pieces under the condition where the final HM concentration reaches about 610g/l. The
calculation based on the fragmentation model was carried out with the equation which had been
brought from the past dissolution test data for the irradiated fuel of the JOYO reactor in our
experimental facility, CPF1}. The condition on dissolution for this calculation is summarized in Table
2-1. As shown in Fig.2-1, T>& (time for 99% dissolution ratio) for the sheared fuel pieces was
estimated to be 6,570 min under this condition, which suggests that it is difficult to achieve high
dissolution ratio within appropriate dissolution time by the dissolution of the sheared fuel pieces. On
the other hand, the calculation result shows that it needs only 94 min for 99% dissolution of powdered
fuel under the same dissolution condition. This means that changing the fuel form from sheared pieces
to powder is quite effective in the dissolution for highly concentrated solution.

Based on these calculation results which were presumed with the past dissolution test data obtained
under low HM concentration condition (< 400 gHM/L), we had investigated the dissolution behavior
of irradiated MOX fuel experimentally under high HM concentration condition.

Table 2-2 summarizes the experimental condition of two hot trials which had been carried out with
the JOYO Mk-II irradiated MOX sheared fuel pieces and powdered fuel in CPF. The dissolution
behavior is shown in Fig. 2-2. The change of temperature during these trials is also plotted in this
figure. We checked the relationship between 85Kr release ratio and HM dissolution ratio in these trials,
and confirmed that these values were almost same under these experimental conditions.

In spite of initial lower temperature which was required for the control of the violent dissolution of
the powdered fuel, the dissolution rate of the powdered fuel was enough high in average and the
dissolution was completed around 300 min. On the contrary, the dissolution of the sheared fuel pieces
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was not finished within 600 min. These experimental results confirm the advantage of the powdered
fuel dissolution for obtaining high HM dissolver solution. It should be noted that the calculation and
experimental conditions were different from each other in this study. The estimation of the dissolution
behavior will be further improved by the calculation under the same condition of these experiments.

Table 2-1 Dissolution condition for the calculation

Pu ratio (Pu/(U+Pu)) in the fuel (%)
Burn-up (MWd/t)
Fuel weight (U+Pu) (g)
Sheared fuel pieces
Diameter of powded fuel
Initial [HNO3] (M), volume (ml)
Temp. (°C)
Final [HM1 (g/1)

Sheared fuel pieces
28.8

100,000
110

<t>6.5mm x 30mm
—

10M, 180ml
100

-610

Powdered fuel

110
—

< lmm
10M, 180ml

100
-610

Table 2-2 Experimental condition of two dissolution trial for highly concentrated solution

Fuel
Initial Pu content (w/o)
Burn-up (MWd/t)
Cooling time (year)
Fuel weight (U+Pu) (g)
Sheared fuel pieces

Diameter of powded fuel

Initial [HNO,] (M), volume (ml)
Final [HM] (g/1)

RUN1 (sheared fuel pieces) | RUN2 (powdered fuel)
Fast Reactor JOYO Mk-II core fuel

30
Ave. 63,700

~ 15
-120

40 pieces (<t>5.5mm x 30/15mm)

-

10, 205
-570

-120
—

> lmm (18%), l~O.5mm(32%)
0.5-0.1 lmm (35%), < 0.1 lmm (15%)

10, 205
-570

Powdered ftjel

= 94 min. (powdered fuel)

Sheared fuel pieces

^g = 6570 mtn (sheared fuel pieces)

: Time for 99% dissolution ratio

in
1

Sheared fuel pieces (Kr-85)

• sheared fuel pieces (temp.)

A powdered fuel (temp.)

110

100

90

80

70 1
60 3

c

50 a
o
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Dissolution time (min)

Figure 2-1 Calculated dissolution behaviour of
irradiated MOX powdered fuel and sheared fuel

0 60 120 180 240 300 360 420 480 540 600

Dissolution time (min)

Figure 2-2 Dissolution behaviour of irradiated JOYO
Mk-II sheared fuel pieces and powdered fuel

3. Crystallization
3.1 Pu behavior under UNH crystallization condition

It is important to check the behavior of Pu under the U crystallization condition because it can have
different valence in the nitric acid solution. No crystallization was observed by cooling Pu solution25.
In next stage, beaker scale tests were performed to investigate Pu behavior in U/Pu mixture.
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thermocouple

- Crystallizer

Apparatus of crystallization shown in figure 3-1 was made by glass and had a cooling jacket. Stirrer
and thermocouple were installed into the crystallizer.

s-.—N Three kinds of U-Pu mixed solutions, which shown in table
3-1, were used for these experiments. Each feed solution put
into the crystallizer was cooled from 40 °C to about 15 °C.
Crystallization started around 25 °C. The mixture of crystals
and mother solution was separated by a glass filter. After
separation, U solution was poured on the crystals in order to
wash out the mother solution stuck on their surface.

Table 3-2 shows crystallization yield of U and Pu ratio in U
crystal. As shown in Table 3-2, U crystallization yield is
enough high and 60% of yield can be achieved by cooling to 10
°C. In the case of tetravalent Pu, most of Pu remained in the
solution, and yellow crystals of U were obtained. When Pu
valence was VI, the behavior of Pu crystallization was same as
that of U. The color of crystals was orange. In run A-3, the
yield of Pu was intermediate value of run A-l and A-2.

Thus it is concluded that the valence of Pu is quite important
Figure 3-1 Schematic structure of parameter to control Pu behavior in the crystallization process.
crystallization apparatus

Table 3-1 H*, U and Pu concentration in feed solution
Run l f (M) U(g/L) Pu(g/L) Pu(IV), Pu(VI) ratio in U-Pu solution
A-l
A-2
A-3

2.7
5.6
5.6

540
610
550

51
47
40

Pu(IV): 100%
Pu(VI): 100%

Pu(IV): 62%, Pu(VI): 38%

Table 3-2 Crystallization yield of U and Pu ratio in U crystal
Run Final Temp. (°C) Crystallization yield of U (%) Pu ratio in U crystal
A-l
A-2
A-3

11.1
16.4
16.5

65
69
70

U:Pu=100 :0 .3
U : P u = 1 0 0 : 5
U : P u = 1 0 0 : 1.5

3.2 Decontamination Factor of Pu
The dissolver solution of irradiated "JOYO" fuel, which shown in table 3-3, was used for these

experiments. In run B-l, feed solution put into the crystallizer was cooled from 50 °C to 13.6 °C in 200
minutes. In run B-2, feed solution was cooled from 50 °C to 10.6 °C in 500 minutes. The mixture of
crystals and mother solution was separated by a glass filter. After separation, 8M nitric acid was
poured on the crystals to wash out the mother solution stuck on their surface.

Table 3-3 H*, U and Pu concentration in feed solution
Run H+CM) U(g/L) Pu(g/L)

B-l, B-2 6.0 408 196

70%

60%

50%

The values of decontamination factors (DFs) for Pu .5 40%
of U recovered as crystals were calculated from K 30<yo

concentrations of U and Pu by equation (1) as follow
and were shown in table 3-4. 2 0 %

feed
10%

0%

—

Si-
l l

It

-

ti
Figure 3-2 shows the particle size distribution of

UNH crystal obtained in run B-l and B-2.
Left bar indicates particle size of crystal obtained

106um 500[jm 710um 1000um

Particle size

Figure 3-2 Particle size distribution of UNH
crystal
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in run B-1 and right bar is in run B-2. The particle size in run B-1 was smaller than the particle size in
run B-2. As a result, cooling speed influence the particle size distribution.

Table 3-4 DFs for Pu of U recovered as crystal

B-1
B-2

Run

(rapid cooling)
(slow cooling)

Before
DFs

washing
6
5

After washing
25
19

4. U/Pu/Np Co-recovery
In the crystallization process, U/Pu ratio in the dissolver solution is adjusted to be a suitable value to

a MOX fuel fabrication for core fuels. This means that, if the decontamination factor of fission product
(FP) can be reasonable for the fuel fabrication and the fast reactor, it is possible to co-recover
(co-extract and co-strip) U and Pu with the single cycle flowsheet, which brings the reduction of the
amount of aqueous and organic solution in the extraction process. For the efficient utilization of
resources, it is desirable to co-recover other actinides (minor actinides (MA); Np, Am and Cm) and
load in a fast reactor. Among MA, Np has a possibility to be co-recovered with U and Pu by TBP
because of its extractable valences, Np(VI) and Np(IV), under the conventional PUREX condition.

From this point of view, the behavior of U, Pu, Np and FP in the single cycle flowsheet using TBP
as an extractant was investigated for developing the U/Pu/Np co-recovery flowsheet. Table 4-1 and Fig.
4-1 shows the experimental condition and flowsheets of two counter-current trials which we had with
centrifugal contactors in CPF. These trials were carried out using dissolver solution of the JOYO
Mk-II core fuel. In both trials, [HN03] in the feed solution was adjusted to be higher concentration (5
~ 6M) that that in the conventional PUREX process for accelerating the Np oxidation (Np(V) ->
Np(VI)) and extraction. It is important for the effective Np(VI) extraction that this Np(V) oxidation
proceeds sufficiently within the residence time in the centrifugal contactors.

Table 4-1 Experimental condition of the counter-current trial for U/Pu/Np co-recovery

Fuel
Burn-up (MWd/t)

Cooling time (year)
[HN03] in feed sol. (M)

Pu valence in feed sol.

Temp, of U/Pu/Np stripping sol. (°C)
Stripping / Feed (flow rate ratio)

Number of U/Pu/Np stripping stages
Centrifugal Contactor
Max. capacity (L/h)

Hold-up volume (ml/stage)

RUN1 | RUN2
Fast reactor JOYO Mk-II core fuel

Ave. 63,700
- 1 5
5 - 6

Pu(IV)
(No NaNO2

addition)
- 2 5
2.5
12

Pu(IV)
(NaNO2 addition)

- 5 0
3.7
14

-5 .5
25

In RUN1, Pu leakage to the HA raffinate and the spent solvent could be kept under the lower
analytical limit. U leakage to the HA raffinate could be also kept under the lower analytical limit, but
about 30% of U leaked to the spent solvent. Based on this result, the U/Pu/Np stripping condition in
RUN2 was improved as the following.

- Temperature of U/Pu/Np stripping sol.; ~25°C -> ~50°C
- U/Pu/Np stripping flow rate ratio to feed flow rate ; 2.5 -> 3.7
- Number of U/Pu/Np stripping stages ; 12 -> 14
The leakage of U to the spent solvent could be prevented by these improvements in RUN2, and all

U and Pu were detected in the U-Pu-Np product.
Most of Np was observed in the U-Pu-Np product, but a little Np (1-2% of Np) leaked to HA
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raffmate in both trials. This suggests that Np(V) can be oxidized to Np(VI) even in the presence of a
significant amount of HN02 in the contactor (RUN2), and its extraction can proceed quantitatively just
by increasing [HN03] in the feed solution.

The DFs of total y were 103 ~ 104 in these trials, and the condition of the scrubbing section should be
further improved for obtaining higher DF, e.g. increasing the stages in the scrubbing section.

RUN1

feed

RUN2

feed

30%TBP-nDD

2 " ' T

HNO,

0.25*

8' 16*

30%TBP-nDD

2.3" ; 1 * * , ,

HNO3

r 7* 15*

HA raffinate nDD
I r

HNO3 HNO3(~25°C) HA raffinate n D D

0-03"; I 1004" 12.5*

HNO3 HNO3 (~50°C)

1* 5* 8* 16*

004"! ; jo.15** {3.7*

1*3* 8* 16*

U-Pu-Np product Spent solvent U-Pu-Np product Spent solvent

* feeding stage No.
** flow rate ratio to feed sol.

Fig. 4-1 Experimental flowsheets in RUN1 and RUN2

5. MA Recovery
SETFICS is the MA recovery process being developed in JNC. Hot trial was carried out at CPF in

2004 and conducted 2 runs. The 1st run for extraction-scrubbing and acid stripping (see Fig.5-1), and
the 2nd run for An(III) stripping and Ln stripping.( see Fig.5-2)

Solvent Feed Scrub 2 Scrub 1
HNO, HNO,

Solvent Loaded solvent

Raffinate

An(lll) stripping
DTPA-HAN

16 *

Loaded solvent

* (flow rate ratio to solvent)

An(lll) product

Ln waste Used solvent

* (flow rate ratio to solvent)

Fig. 5-1 Extraction-scrubbing and acid stripping Fig. 5-2 An(III) stripping and Ln stripping
section of SETFICS section of SETFICS

This flowsheet has 3 major improvement or adjusting points. The 1st point is using higher TBP
concentration solvent to refrain from making third phase. The 2nd point is 5M H+ feed considering
crystallization of UNH followed by PUREX. The 3rd point is using DTPA-HAN solution as An(III)
strip to avoid waste including sodium.

Hot trial gave following results.
(1) Most of Am and Cm were recovered.
(2) Little Am and Cm leaked to raffinate, waste solution and used solvent (< 1%).
(3) Higher TBP solvent and DTPA-HAN solution was effective.
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Direct dissolution
into organic phase

6. Direct Extraction
6.1 Direct Extraction Process

Direct extraction is very important concept for simplification of reprocessing process. This process
has high potential in economical point,
because it makes possible to unify
dissolution, clarification and extraction
processes in conventional PUREX
reprocessing system. (See Fig.6-1) We
started experimental study on the direct
extraction by supercritical carbon
dioxide (SFCO2) containing TBP-HNO3

complex (Super-DIREX reprocessing
system 3)).

j Process simplifying

\ Process time shortening

Liquid solution minimizing

Eel

Stripping

Super-DIREX
(Stper Direct Extraction)

Stripping

Fig.6-1 Direct Extraction Process (Super-DIREX)

6.2 Direct Extraction Test at atmospheric pressure
The first step of experimental study using irradiated fuel was carried out at atmospheric condition,

because it is known that metal ion which can be extracted with TBP-HNO3 complex at atmospheric
pressure is also extracted with TBP-HNO3 complex in SFCO2. Fig.6-2 is the photograph of equipment
of direct extraction in CPF.

Data such as dependency on temperature, Pu content and ratio of fuel and TBP-HNO3 complex were
taken in hot tests. Fig.6-3 shows the example of behavior of direct extraction. It shows that faster
dissolution rate was taken in higher temperature condition and in lower Pu content condition.

100 200
Time [min]

Fig.6-2 Equipment of Direct Extraction Test Fig. 6-3 Behavior of direct extraction

7. Conclusion
Hot tests for NEXT process have been carried out in CPF. The result shows major and minor

actinides could be recovered in very economical way reducing environmental burden and enhancing
nuclear non-proliferability.

1) A. SHIBATA et al., "Development of the Advanced Aqueous Reprocessing Process Technologies
in CPF," Proc. GLOBAL 2003,(2003).

2) K.NOMURA et al., "Study on U Crystallization for Advanced Reprocessing in JNC ," Proc.
NUCEF 2001,(2001)!

3) T. Shimada, et al., International Conference Actinides-2001, 2001.
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9.4 Study on Safety Evaluation for Nuclear Fuel Cycle Facility
under Accident Conditions

Hitoshi ABE, Shinsuke TASHIRO and Yasuji MORITA
Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Source term data for estimating release behavior of radioactive nuclides is necessary to
evaluate synthetic safety of nuclear fuel cycle facility under accident conditions, such as
fire and criticality. In JAERI, the data has been obtained by performing some
demonstration tests. In this paper, the data for the criticality accident in fuel solution
obtained from the TRACY experiment, will be mainly reviewed. At 4.5 h after the
transient criticality, the release ratio of the iodine were about 0.2% for re-insertion of
transient rod at just after transient criticality and about 0.9% for not re-insertion.
Similarly the release coefficient and release ratio for Xe were estimated. It was proved
that the release ratio of Xe-141 from the solution was over 90% in case that the inverse
period was over about 100 1/s. Furthermore, outline of the study on the fire accident as
future plan will be also mentioned.

KEYWORDS: Fuel Cycle Facility, Accident, Safety Evaluation, Criticality, Fire, TRACY

1. Introduction

In Japan, nuclear fuel reprocessing plant has been constructed and construction of MOX fuel
fabrication facilities is planed. Safety evaluation under accident conditions is necessary to confirm
synthetic safety of the nuclear fuel cycle facilities. From this point, observation of source term data
for estimating release behavior of radioactive materials, filter clogging behavior induced by loading
smoke for fire and explosion accidents and establishment of quantitative evaluation method for
confinement capability of the facility are very important In JAERI, some safety demonstration
experiments for criticality accident in fuel solution and for fire and explosion have been performed.

When criticality accident occurs in the fuel solution, radioactive materials and radiolysis gases
release from the solution to outside of the facility. Since noble gases and iodine species as fission
products have relatively high volatility, release ratio of the nuclides is larger than the non-volatile
nuclides. Therefore, quantitative estimation data about release behavior of the volatile nuclides are
very important for the accurate and rapid evaluation of the accident and public dose. In NRC
Regulatory Guide 3.33]), the release ratios of the noble gases and iodine species, under the inadvertent
nuclear criticality accident in a uranium fuel reprocessing plant, were assumed as 100% and 25%,
respectively. However, since these values were quoted from the Regulatory Guide 1.32), which
referred to the loss of coolant accident for boiling water reactors, it is considered that safety margin is
included in the values in the Regulatory Guide 3.33. In JAERI, to verify the confinement capability
of the facility and the safety margin for the values adopted in the safety evaluation of the facility,
release and transport behavior of radioactive materials and radiolysis gases under the simulated
criticality accident in the fuel solution has been examined by using TRACY.

In this paper, the experiment results for evaluating release behavior of the volatile nuclides
obtained from the TRACY will be mainly reviewed. Furthermore, outline of future plan which is
safety study on the fire accident in the facility is also mentioned.

2. Review of the TRACY Experimental Results3)

2.1 Experimental

2.1.1 Sampling Devices of TRACY
The block diagram of TRACY is shown in Fig.l. TRACY is a transient criticality experimental
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facility for studying the transient criticality characteristics of low-enriched uranium fuel solution.
The characteristics are investigated under the various conditions of the excess reactivity and reactivity
addition rate. TRACY has an annular type core tank with 10 cm inner diameter, 50 cm outer
diameter and 200 cm height. Volumes of the gas phase and the fuel solution phase in the tank are
almost 0.27 m3 and 0.12 m3, respectively. There is a vent-gas line connected to the tank and vent-gas
circulates through the line. The radioactive materials and radiolysis gases, released from the fuel
solution to the gas phase, effuse into the line during the transient criticality.

To observe release and transport behavior of the radioactive materials and the radiolysis gases, the
core tank and the line are equipped with cascade impactors (Mst and C) and maypack samplers (M)
for collecting radioactive aerosol and iodine and gas concentration measurement devices (G) for
measuring radiolysis gases. After sampling, the
respective samplers were taken apart to each
component and the radioactivity of the collected
nuclides in the components were determined by
gamma-ray spectrum analysis and corrected to
those at the respective sampling times by the decay
correction calculation. Moreover, the quantities
of the nuclides in the fuel solution before and after
the each experiment were also determined by
gamma-ray spectrum analysis. In the present
study, release behavior of radioactive noble gases
from the fuel solution to the gas phase was
evaluated by using the data of the nuclides in the
fuel solution. Fig.l Block-diagram of TRACY

2.1.2 Experimental Conditions
Initial concentrations of uranium and nitric acid in the fuel solution were about 400 g/dm3 and 0.7

mol/dm3, respectively. The volume flow rate of the vent-gas was about 0.27 m3/min. To collect
radioactive iodine that is emerged from the fuel solution with a time lag, the fuel solution had been
kept in the core tank for 5 hours after the transient criticality.

In TRACY, reactivity can be added to the fuel solution by different three reactivity addition modes,
which are ramp withdrawal mode of a transient rod, pulse withdrawal (PW) mode of the rod and ramp
solution addition mode. In the present study, the PW mode has been considered. Furthermore, to
observe effect of the temperature of the
solution and increase of the surface area
between gas and solution phases with 1019

producing the radiolysis gas in the solution
on the release behavior of the iodine species,
two operations, in which the transient rod
was re-inserted in the solution just after the
transient criticality and the rod was not re-
inserted for the 5 hours after withdrawal of
the rod, were conducted. Examples of the
time dependencies of the fission rate for the
respective modes are shown in Fig.2. When
the transient rod was not re-inserted, the
fission rate decreased with time after
divergence, attained minimum value at
almost 2,000 s after the withdrawal of the rod
and, after the minimum point, increased

o

"a 1015

a
2

1013

10"

109

(not re-insert of the transient

?f Reactivity : 1.5 $
Total fissions : 3.0X1017:

(re-insert of the transient rod)^

10"1 10° 101 102 103 104 105

Time after the withdrawal of the transient rod (s)

again and oscillated with time. Fig.2 Examples of time dependencies of fission rate
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2.2 Results and Discussions

2.2.1 Release Behavior of Iodine Species
In the present study, release ratio of the volatile nuclides, such as iodine species and noble gas in

the fission products, from the fuel solution to the gas phase in the TRACY core tank was estimated by
using the following calculation model. In the model, it was assumed that the volatile nuclides are
released from the fuel solution to the gas phase with release coefficient, t, (1/s), and it is effused from
the gas phase to the vent-gas line, with dilution coefficient, \\i (1/s), on the basis of the dilution effect
of the vent-gas. By using these coefficients and radioactive decay constant, X (1/s), of the each
nuclide, the variation with time of the number of the each nuclide in the fuel solution and the gas
phase of the core tank was calculated by solving the following differential equations simultaneously.

(in the fuel solution)
dPsoi/dt = Fs X T!P + KP. X X?< X P'Ml - X.P X P^, (1)
dX^/dt = Fs X T!X + KP X ^P X P ^ - (Xx + &) X X ^ (2)
dD^/dt = Fs X T!D + KX X Xx X X^i - XD X D ^ (3)

(in the gas phase in the core tank)
(4)
(5)

where, Fs (fissions/s) is fission rate and K (-) is branching fraction. The subscripts P, X and D mean
the values of parent nuclides (P' means parent nuclides of the P), remarkable volatile nuclide and
daughter nuclides and "sol" and "gas" mean the values in the fuel solution and in the gas phase of the
core tank, respectively. The time-integrated numbers of the X atom in the both phases were also
calculated by omitting decrease of the number of the Xatom or dilution effect by the vent-gas and the
release ratio of the X atom, Rx (%), from the fuel solution to the gas phase was calculated by solving
the following equations simultaneously.

(in the fuel solution)
(6)

(in the gas phase in the core tank)
(7)

(release ratio of the X atom from the fuel solution to the gas phase)
(8)

where, the asterisk means the time-integrated numbers of the X atom. The Rx means the ratio of total
release numbers to the total produced numbers of the X atom.

It is assumed that the time variation between the measuring points of the numbers of iodine atom
in the gas phase of the core tank (Igas), corresponding to the X ^ , can be represented as the following
equations.

Xga3(=Iga3) = axexp(pxt) (9)
= axpxexp(Pxt) (10)

And the release coefficient, ^x. can be represented by combined equations (4) and (10) as follows.

^x = axpxexp(pxt)x(p+Xx+v)/)/X3oi (11)

At first, a (-) and p (-) were estimated from relations between time and the relative measuring points
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of numbers of iodine atom, next, the release coefficients of iodine (^i) in the relative measuring points
was calculated by using equation (11). Moreover, the release ratio of iodine (Ri) was estimated by
solving from equation (1) to (8) simultaneously by Runge-Kutta-Gill method. As the nuclear data,
such as the r\ and X, the respective values in JNDC nuclear data library4) were used. The vj/ was
measured in an experiment using the mock-up vessel that has the same dimension and ventilation flow
as the TRACY core tank and could be estimated as 0.016 1/s.

Examples of the evaluation results of the release ratio of 1-133 were shown in Fig.3. The
tendency of the time dependencies of the evaluated release ratio for 1-131 and 1-133 was almost same.
At 4.5 h after the withdrawal of the transient rod, the release ratio of the iodine species were about
0.2% in case that the transient rod was re-inserted to the solution just after transient criticality and
about 0.9% in case that the rod was not re-inserted. It is known iodine release is accelerated by rise

, of solution temperature. Furthermore, produce of radiolysis gases in the fuel solution causes
enhancement of surface area between solution and gas phase. In this time region, solution
temperature of the not re-insertion mode was about 60 °C and about 1.7 times higher than the re-
insertion mode and the radiolysis gases concentration in the vent-gas of the not-reinsertion mode was
also 4.1 times higher because criticality condition continued in this time region in the not reinsertion
mode. Therefore, it could be regarded, for the not-reinsertion mode, iodine release could be more
accelerated.

To investigate iodine release property fundamentally, the release behavior has been observed by
using small-scale experiment device. The
block diagram of the device is shown in Fig.4.
Because their structure is very simple, the
release behavior can be observed under the
some fundamental experimental conditions,
such as iodine concentration, acidity and
solution temperature, etc. The dashed line in
Fig.3 shows example result obtained from the
device. When the initial concentration of
iodine in the solution was higher than
concentration in TRACY experiment (about 10"
9 M order), the release ratio was higher than
TRACY experiment results, in spite of the
solution conditions of no-stirring and lower

o
o

1

101

10°

10-1

10-2

temperature than in TRACY conditions. This
result indicates that the iodine concentration
would be more important parameter for release
behavior of iodine than the other conditions.

10-3

Result of small-scale experiment
: initial concentration of 1-131: 4x10-* M :
temperature of solution: 25 "C

.V

Reactivity: 1.5$
Total fission number: 8.5x10 I7

(not re-insertion of the rod) __

Reactivity: 1.5S : :
Total fission number: 3.0x1017

(re-insertion of the rod) '•

0 1 2 3 4 5
Time after the withdrawal of the transient rod (h)

Fig.3 Estimation results of release ratio of iodineJ)

2.2.2 Release Behavior of Noble Gases
Since the noble gases have poor chemical activity, it is regarded that the release behavior of the

noble gases from the fuel solution under the transient criticality conditions is affected by the
mechanical effects, such as the stirring of the solution and increasing of the surface area between gas
and solution phases in the solution by the generated radiolysis gases, directly. The generation
property of the radiolysis gases in the solution is represented as the function of the dynamic
characteristics in the solution. Therefore, there is a possibility that the comprehensive model for
evaluating the nuclear criticality accident in the solution can be established by observing the
relationship between the release behavior of the noble gases and the dynamic characteristics.

The mechanical conditions in the solution are varies with time under the transient criticality
condition. Therefore, analysis of the time-course of the release behavior of the noble gases is also
important. In the present study, the time-course of the release behavior was evaluated by using the
isotopes, Xe-140 and Xe-141, with different lifetimes. Since Ba-140 and Ce-141, the daughter
nuclides of the Xe-140 and Xe-141, have appropriate lifetimes and specific activities for the reliable
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determination in the remaining nuclides in the fuel solution after the experiments, the release
behaviors of the Xe-140 and Xe-141 were evaluated by using concentration of the daughter nuclides.
The above differential equations were solved simultaneously by using the release coefficients of the
Xe-140 and Xe-141, ^Xe (

=^x)> as parameters and the radioactivity concentrations of Ba-140 and Ce-
141 in the fuel solution at 5 h and 40 h after the withdrawal of the transient rod from the solution.
This time periods of 5h and 40 h after the withdrawal were determined for removing the remaining
amount of the parent nuclides of the Ba-140 and Ce-141 in the solution. It was assumed that the Xe-
140 and Xe-141 were released from the solution to the gas phase in a very short time period just after
the transient criticality and the release coefficients could be considered as a constant and average value.
The release coefficients and the release ratios of the Xe-140 and Xe-141 were determined and
estimated by iteration calculation with the above equations until the calculated concentrations of Ba-
140 and Ce-141 were consistent with the measured concentration, respectively.

To investigate the relationship between the release behavior of the noble gases and the dynamic
characteristics in the solution, correlation between the estimated release coefficients and release ratios
of the Xe-140 and Xe-141 and the inverse period (1/s), which was one of the dynamic characteristics,
of the each experiment. As the example, the correlation between the estimated release coefficients of
the Xe-140 and Xe-141 and the inverse periods is shown in Fig.5. In case that the inverse period was
less than 1 1/s, the release coefficients and release ratios of the Xe-140 and Xe-141 increased with
increasing the inverse period rapidly. The release coefficient and release ratio of Xe-141 attained to
about 5 1/s and 90 % in case that the inverse period was about 100 1/s, respectively. At this point of
the inverse period, the release coefficient of the Xe-141 was larger than the coefficient of the Xe-140
by almost two orders of magnitude. The mechanical effects, which affect the release behavior of the
noble gases, increase with divergence with transient criticality and decrease and attenuate after
convergence of the divergence by re-insertion of the transient rod into the solution. Since the lifetime
of the Xe-140 is relatively long, this remains in
the fuel solution in considerable time width after
the convergence of divergence. As noted above,
in the present study, the release coefficient of the
noble gas was estimated by treating as constant
and average value, therefore, it was regarded that
the estimated release coefficients of the Xe-140
represented not only the values in the time region
of divergence but also the values in the time
region after convergence of the divergence. On
the other hand, the release coefficients of the Xe-
141 could represented the influence of the
mechanical effects on the release property of the
nuclide corresponding to the time region of
divergence directly because the lifetime of the
Xe-141 is shorter than Xe-140. Consequently,
it was considered that the release coefficients of
Xe-141 were larger than the values of Xe-140.

101
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o
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Xe-141(t'1/2 = 1.73s)

10-3 I Xe-140 (t1/2 = 13.6s)

0 400100 200 300
Inverse period (1/s)

Fig.5 Relationship between estimated release
coefficient of Xe and inverse periodi}

3. Outline of the Study on the Fire Accident as Future plan

To verifying safety of nuclear fuel cycle facilities, quantitative evaluation of confinement
capability of the facility under the accident conditions is very important. In JAERI, small-scale
experiment for safety evaluation on fire accident is planning. Fig.6 shows outline of the small-scale
experiment. Typical inflammable materials which are in the facilities, such as waste, plastics and
organic materials, are considered and fundamental thermal data of the materials, such as
pyrolysis/combustion heat, exothermic/endothermic rate, will be measured by using some calorimeters.
Furthermore, the source term data such as release properties of heat, smoke, radioactive materials and
burning gases and clogging property of ventilation filters by loading smoke under their combustion
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will be obtained from combustion experiment by using combustion experiment apparatus. The
fundamental thermal data which will be obtained from some calorimeters will be utilized for analyzing
and evaluating the data obtained from the combustion experiment. The source term data, will be
obtained from this small-scale experiment, are to be expected for establishment of quantitative safety
evaluation method for the facility under the fire accident.

Fundamental Experiments for
Heat Release Property (Thermal analysis)
> Pyrolysis Heat, Combustion Heat
> Exothermic/Endothermic rate
>• Beginning Temperature of Reaction
*r Effect of Oxygen Concentration

The:r:::oflujd Calculation Code

Heat Release- Properly:
Temperature, Pressure

-> Mass/Energy Release rate

Smoke Rfciiiasi: HropHiiv:
Mass of Smoke, Distribution,
Aggregation State of Smoke

—> Release behavior of Smoke
—• Smoke Release Rate

ariiotirtivfc Materials Rt;lt;aye ProjK
Released mass of the Materials

- Release ratio of the Materials

Air

Inflammable Materials in the facilities
OCotton glove, Waste, etc.
OPlastics (Acrylic resin, PC, rubber, etc.)
OAlcohol, Lubricating oil, etc.
OOrganic additions (Zinc stearate, etc.)

Burning Gas IVouurty:
[coi;[co2], TNC\], [SO,], TOC

—» Mass Balance
Mass Release Rate

Filter Clogging Property:
Smoke loading mass
Differential Pressure

'—» Clogging Coefficients
• Evaluation Model of Clogging

Combustion Experiment Apparatus

Air

alon Extinguisher

Fig.6 Outline of the small-scale experiment

4. Conclusion

The source term data, which is necessary to evaluate safety of nuclear fuel cycle facilities under
the accident conditions quantitatively, has been obtained from some safety demonstration experiments.
From the TRACY experiment, release properties of the volatile radioactive materials from fuel
solution have been observed and the quantitative source term data, such as release ratio and release
coefficient of them, could be obtained in connection with criticality characteristics. Furthermore, the
source term data will be obtained from the safety study on fire accident in the facilities as future plan.
We would like to contribute establishment of synthetic evaluation method for verifying safety of the
facility, for example the probabilistic safety analysis method, by applying the quantitative source term
data.
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9.5 Study on Confinement Safety of MOX(Mixed Oxide fuel) Fuel Fabrication Facility
—Analytical Study of MOX Particle Behavior at Explosion and Nuclear Criticality Accidents—

Susumu TSUCHINO and Yasuhiro MASUHARA
Japan Nuclear Energy Safety Organization, Fujita Kanko Toranomon Bldg., 3-17-l.Minato-ku,

Tokyo 105-0001, JAPAN

1. Introduction
Containment of nuclear fuels such as plutonium handled in MOX fuel fabrication facilities is
absolutely essential to restricted areas in Glove Box (GB) facilities. Literature survey and analysis
evaluation to develop technical knowledge and data are necessary for safety evaluation of containment
relating dispersion behavior and suspension behavior of MOX powder in GB, covering accidents like
spill, outflow, fire, explosion and criticality. This report estimates the adequacy of analytical method in
explosion and criticality by comparison between the data of dispersion rate and suspension rate and
their analytical results through literature.

2. Evaluation Method for source term
US and Japan adopted the following evaluative method (five factoring; (1)) as source term. ARF
(Airborne Release Fraction) and RF (Respirable Fraction) as factors herein show the behavior of MOX
powder.

Source Term= MAR x DR x ARF x RF x LPF (1)

MAR: Material at Risk
DR: Ratio of material amount influenced directory by
physical phenomena
ARF: Airborne Release Fraction (of Material)
RF: Respirable Fraction; Floating ratio of dispersal materials
LPF: Ratio of floating materials making transition through
HEPA filter without absorption or deposition

3. Research of referential experiment data on powder behavior in accidents
We investigated wealthy exhibited US data for comparison.

4. MOX powder behavior analysis in accidents
Computation to evaluate was given to powder behavior in explosion by Matsusaka re-dispersion
model (Matsusaka model by Dr. S. Matsusaka of Kyoto University). Two ways of analysis for
diffusion evaluation of fission product in criticality were provided by the physical modeling of recoil
and diffusion and the basic modeling using NUREG-0772. Analytical flowchart is shown in Fig.l.

Input condition

Evaluation of diipcnion
( particle) behavior

Ooattaf/dcpaUaii MmTtar

explosion

•blast behavior
(dBase in inflow

apUmon otTgjr)

• Malsusaka model
of re-dispersion
& innplo model

Aerosol axuriysii

with behavior

criticality accident |

figure of nuclear fusion

"pellet/powder physics
& simple model

Aexaml oulyni

with mdJmncliHa decay

Evaluation on ARF, RF, influenced by related pHiamctei

Fig.l Flow of MOX powder & FP behavior analysis in explosion and criticality
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4.1 Explosion analysis
Fig.2 exhibits physical model for pellet and powder in explosion. From analytical result, we found
critical parameter value of the physical model, which equally corresponded to experimental value.
These indicated parameter values were 50 parameter value in sensitivity U50 and parameter values
between 8 and 20 in sensitivity a g, former of which is shown in Fig.3.

j =_g_frgiVdrw» -C-OA,
A?T5 \ dt JJ° dz Ts

, , 1 r'1 J (h l r- l n r»i)1 l jy(r) = i 1 . g x p J - ^ .—2Li_L</r
y/2x h j , JB r [ 21n trl J

r(«)= 0.0396 el «'"

aa fi<W(u"(/')) -O-''

'//////////////////A

•Ito

Fig.2 Explanation of Matsusaka re-dispersion model

Physical model C explosion ) Sensitivity of U50
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O.COE<0
0 20 40 60 80 100 120

U50(m/s)
. Bbsi=2tBm/'s. Start-uolini«=O1..<7j=17 • value from exoeriment from Lonj

Fig.3 Values of U50 from parameter computation by re-dispersion model in explosion

4.2 Criticality analysis
Fig.4 explains basic model standardized on NUREG-0772 in criticality. Fig.5 shows physical model
formula regarding recoil and diffusion.

Wj, =R' Wj.

K'(T) = Ai ' T)
Wf \ dispersion FILM of Elamsnt ™T '• Abundance F E lament

A* : Element dispersion rate determined by NUREQ-0772

Fig.4 Basic model formula 2 (based on NUREG-0772)
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Fig. 5 Physical model formula (pellet/powder system)

Pellet values provided by basic model were almost equal to experimental values through
computational result (Fig.6) while those provided by physical model were far different from
experimental values (Fig.7).
Powder values given by basic model corresponded to experimental values to some extent below the
temperature of 1500°C (Fig. 8) while those provided by physical model were equal to experimental
values at some digit number of dispersion rate.
Above series of analyses determined that pellet values were evaluated by basic models and that
powder values were estimated by physical models when specific property values (particle radius et
cetera) were determined, otherwise by basic models.

Fig.6 Value comparison between criticality/basic model and pellet experiment for I and Cs
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Fig. 8 Value comparison between criticality/basic model and powder experiment for Xe,I and Cs

4.3 Parameter analysis for influence of condition relating facility
For evaluation of source term, in explosion, result of analytical method of dispersion rate was
evaluated by cell emission safety analysis code CELVA-1D while in criticality that of disperse
evaluation of fission product was estimated by criticality analysis code MELCOR. Neither
examination proved significant impact.

5 Conclusions
We conclude that a series of analyses thorough this study generally make possible evaluation of MOX
powder behavior. Source term evaluation focusing on experimental data will apply to future analysis
method and these analyses will work for understanding trend of MOX powder behavior when
conditions of accidents and events change and/or exceed applicable scope of data.
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9.6 Development of Safety Evaluation Technology for
Fire and Explosion in Reprocessing Plant

Akihiko MIURA
Japan Nuclear Cycle Development Institute, Tokai-mura, Ibaraki 319-1194, Japan

Based on some lessons learned from the accidents in the reprocessing plant all over
the world, Japan Nuclear Cycle Development Institute (JNC) has researched and
developed the safety technologies for the reprocessing plants and its related facilities.
This paper describes some accidental information around the reprocessing plants and
its related research activities in JNC.
KEYWORDS: Fire, Explosion, Reprocessing Plant, Organic Solvent, Nitric Add, Safety
Research

1. Introduction
The solvent extraction method using nitric acid and organic solvent (TBP: Tributyl phosphate)

called PUREX process has been employed in the Tokai Reprocessing Plant (TRP). Nitric acid is
known as a material with strong oxidizability, and it intensely generates the reaction, when organic
solvent was contacted at the high temperature, there is a potential hazard of fire and explosion.
Reprocessing technology and its safety assessments begun to be developed in U.S.A. since 50 years
ago, and important lessons and techniques are introduced to the operation. In order to maintain the
safety operation and improve the facility design, accidents which happened in reprocessing plants and
its related facilities are investigated.

From the initial stage of research and development on the reprocessing technology, explosions
caused by the mixture of nitric acid and organic solvent, combustion and explosion of the
hydroxylamine nitrate, fire and explosion by oxidation reaction of ion-exchange resin, fire by thermal
runaway reaction of the mixture of the bitumen and sodium nitrate, etc. were generated. Examples of
the fire and explosion accidents are shown in Table 1. Features of these accidents are caused by the
intermingled system of the combustible organic solvent and nitric acid or nitrate. Based on the lessons
learned from the accidental information, research which concerned the chemical reactions of PUREX
process was carried out, the standards of thermal control, acid concentration etc. of the present Purex
process were regulated. '

The TRP of JNC, based on the lessons learned form the accidental information, through the
investigation and recovery works of the fire and explosion incident in the Bituminization
Demonstration Facility (BDF) at Tokai Works in PNC (Power Reactor and Nuclear Fuel Development
Corporation), important and useful topics are sufficiently discussed!). Also, important technical
information about the safety is introduced to prevent the accidents or troubles. Recently, JNC started
some safety researches; the thermal stability study of chemical reagents in reprocessing or waste
treatment process, safety assessment of the process using the probabilistic safety assessment technique
(PSA) and the safety evaluation using computer simulation techniques. JNC also studied the explosion
safety to understand the pressure wave behavior in a nuclear facility and, to mitigate the damage of the
facility. This study obtained many important results in the safety technology fields about the industrial
explosions.

This paper includes the investigation results of the fire and explosion incident at the BDF and recent
topics of safety researches.

Table 1 Fire and Explosion Accidents in Reprocessing Plant2)

Date
1953.1.12
1959.11.20
1962.6.26
1993.4.6
1997.3.11
1997.5.14

Type of Accident
Explosion
Explosion
Explosion
Explosion

Fire and Explosion
Explosion

Place
Savannah River, USA
Oak Ridge, USA
Fontenay-Aux-Roses, France
Tomsk-7, Russia
Tokai Works, PNC, JAPAN0

Hanford, USA
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2. Fire and Explosion Accidents in Reprocessing Plants
There were some fire and explosion accidents in reprocessing plants. Major accidents are listed

above. In this chapter, outline of the fire and explosion accident at the BDF is introduced.

2.1 Outline of the Fire and Explosion Incident at Bituminization Demonstration Facility of PNC
Tokai Works

On March 1 lth, 1997, a fire and explosion incident occurred at the BDF of PNC. On the day of the
incident, a fire occurred at 8:10 in the morning, about 10 hours after the fire, an explosion occurred.
There is no injured in the incident, but 37 workers had internal exposure.

About 3 years investigation works including the chemical analysis and thermal analysis of the waste
solutions, reagents, bituminized products and simulated mixture of bitumen and sodium nitrate,
indicated the thermal runaway reaction of the bituminized product at high temperature. Operator
observed the fire extinguished after only 1 minute waster splayed, so the flammable gas released from
the unburned bituminized product. Possible cause of the incident is concluded below.

2.2 Cause of the Incident
The main cause of fire is concluded to have been physical heating because of excessive

accumulation and enrichment of sodium nitrate inside the mixture and dehydrate equipment, which
was caused by low feed rate of liquid waste. This mechanism made temperature of bituminized
product raised. The temperature of bituminized product filled in drums gradually raised up to initiate
thermal runaway reaction between sodium nitrate/nitrite and bitumen, and it led to self-ignition.
Insufficient spray of water caused the release of flammable gases from heated bituminized product
into a low oxygen atmosphere. The flammable gases could not be vented due to clogging of the filter.
The vessel ventilation system supplied air gradually and premixed gases were ignited by another
self-ignition.

The immediate cause was the decrease of feed rate, which proves the importance of understanding
equipment's behavior in many possible conditions. And chemical heating was not recognized as the
cause of this incident, but the chemical reactivity of the bituminized product should be well
understood and controlled. We must make much use of this experience in the future to prevent another
similar incident.

3. Topics of Recent Activity of JNC's Safety Research
In this chapter, recent research topic of the explosion in nuclear facilities is introduced.

3.1 Research Introduction
It is thought that the explosion in nuclear fuel cycle

facility is simulated as an explosion in a closed space.
Therefore, we have begun a visualization experiment and
developed a numerical simulation program of the explosion
in a closed structure to estimate the safety for nuclear
facilities3^.

3.2 Experiments
3.2.1 Test Section and Explosive System

Explosion experiments were carried out in a test section
which is made of Plexiglas for the holographic
interferometry. A test section is modeled as 1/50 scaled 1st
floor and 2nd floor of BDF in which the incident occurred.
The size of a test section is 0.12 * 0.74 * 0.22 m (Fig. 1). In
this figure, to the left side is a small room (Room A) and to
the right side is a large room (Room B). Each room is
connected by the window. Two rooms on the 2nd floor are
also connected by the door space, and the 1 st and 2nd floors
are connected by the roof hatch.

210



JAERI-Conf 2005-007

Trigger signal

JL
Function

generator

t
1

010.101
retardar

Power
supply

Digital
retardar

Power
supply

894.3 ran. Xlfculse

Ruby laser

1064 nm. MmJ/pulse
Photo dtooe

Optical liber
(Silica, core Oia 40Onm. cladding Dia 500um)

ShVer-azida pellet
(cylinder shape, mass.'iOmg. Dia.:VSmm.

lenglh:1 .Smm.dertsi ty: 3 .8g /cc . tota l
energy:app!ox. 18J)

Digital sampling
oscilloscope

Fig. 2 Explosive System

Explosives such as 10 mg of silver azide are exploded
by laser beam for the explosion generation. For this
explosive system, 120 mJ YAG laser and 2 m-optical
fiber were employed (in Fig. 2).

3.2.2 Holographic Interferometry
The double exposure holographic interferometry is

one of the visualization technologies which is suitable
for this experiment, because this technology does not
require such highly accurate optical devices and can take
photographs of the phenomena in the large test section5).

Fig. 3 presents a schematic diagram of the
holographic interferometric optical arrangement. A
holographic ruby laser was the light source. Often,
without using double pulse operations, the RL was
repeatedly operated twice at defined intervals. A pair of
concave mirrors is used. The difference in path lengths
between the object and reference beams was
adjusted, by using plane mirrors (M), within no
more than a few centimeters.

3.2.3 Experimental Condition
Two kinds of experiments are performed as

in the case of the explosion in room A and the
case of room B. In the case of the explosion in
room A, this is conducted in the small room
whose doors, windows and hatch are closed.
By contrast, in the case of the explosion in
room B, all doors, windows and hatch are
opened.

3.2.3 Pressure Measurement
Pressure inside the scaled model is measured

using semiconductor pressure transducers (Kistler
603B). Kistler 603B is very sensitive to measure
pressure fractuation and has very high responsibility
to transport to digital signals (in fig. 4). Pressure is
measured at seven points in scaled model (fig. 1).
These points are put on the corner of the walls and
faces of walls.

3.2.4 Experimental Condition
In order to minimize the change in ambient

conditions, any visualization experiments and
pressure measurements are carried out within 24
hours when the appropriate weather conditions
existed in December, 2001. Sound velocity
generated by explosives was estimated about
334-338m/s, when the air temperature was almost
5-10 Centi-degreeS. t*«*al Oscilloscope Pulse Genrator

Fig. 4 Diagram of Pressure Measurement
3.3 Experimental Results

Holographic photographs of time dependence are shown in Fig. 5. Fig. 5 is observed the case of
explosion generated in room B. All holographs were taken 0.02-0.15 ms intervals.

Fig. 3. Optical Setup of Double Exposure
Holographic Interferometry

6> Pressure Transducer
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In fig. 5, the wave reflection is observed and it causes the interference. Reflected wave and the
progressing wave cause interference and they pass the window which is installed between room A and
room B. It is found that passed wave and the wave that is reflected at wall in the vertical direction are
caused interference. And second shock wave occurred in 0.200 ms after. It was possible to load high
pressure at the corner of the room B repeatedly.

(g) 1.150 ms (h) 1.300 ms
Fig. 5 Holographic Photograph of the Explosion (Explosion in Room B)

3.4 Numerical Simulation
3.4.1 Simulation model

Experiment is physically modeled for numerical simulation. An explosive is assumed to be 4.22 J,
air temperature was 288 K uniformly and the pressure is defined as 1 arm excepting in the area of
explosives.

3.4.2 Equations
Wave propagation and reflection are normally accompanied by dramatic deformation of the latter.

Therefore, to investigate these phenomena numerically, the second-order upwind TVD scheme of
Yee's is adopted for these governing equations^. The basic equations for a three-dimensional
compressible Eularian flow can be written as follows.

/ \ A A A

80 8E 8F 8G
1 [. 1 = o

P

pu

pv

pw

e

J

pU

(e + pp

P=1
J

pV pW

(e + p)W

Here, p denotes the density, u, v and w are the velocity components in x-, y- and z- directions, e is the
total energy per unit volume, p is the pressure. And U, V and W mean the U=l
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f ip (1
(a) 0.100 ms (b) 0.200 ms

(e) 0.500 ms (f) 1.300 ms
Fig. 6 Simulation Results (Explosion in Room B)

V=T]xu+/]yv+rizw and W=

3.5 Simulation results
Fig. 6 illustrates the results of numerical simulations. Each figure shows the transient status of

pressure wave propagation. Wave expands the spherical shape and it reaches the nearest wall in fig. 6
(a). A preceding shock wave that reached the floor propagates the sidewalls with occurrence of the
reflection in fig. 6 (b) and (c). In fig. 6 (c) and (d), wave reaches walls of 2nd floor and ceiling. No
directivity of shock wave is observed in fig. 6 (f). After the reflected wave is slipping along the wall,
the wave reaches neighbor wall. After the wave that passes through the window installed between
room A and B, diffraction occurs at the window, the wave propagates to room B. Since the slipping
waves are concentrated at the corner of room A by preceding waves, pressure rise might be observed.
And it is also observed that the complex interactions of the reflected waves after the waves reach the
wall of axial direction. These figures show the good agreement for experimental results in fig. 5. This
numerical method is suitable to simulate the explosion in scaled model of nuclear fuel cycle facility,
because it is sufficient to show the wave propagation with multiple reflections in room B and
diffraction phenomena at opened window.

Time dependent pressure tendencies at point A, D and E are shown in fig. 7. In fig. 7 (a), point A
which is on the axis direction of explosion and it faces on the left-side wall. Two or many pressure
peaks are observed simultaneously in each figure. Point D indicates a corner of the room B. This point
locates the place surrounded in three walls. Pressure waves are thought to gather in this point. It is
thought that the first pressure peak is affected by the interaction of the reflected preceding wave, but
another pressure peak is also affected by the wave after preceding wave. Then the peak after the first
shock wave is thought to be caused by waves gathered from three directions. It is concluded that the
very large pressure peaks appeared at the corner of the rooms and load to neighbor walls. In
comparison with fig. 7 (a), largest peak pressure in fig. 7 (c) suggested no attenuation, even the
pressure was measured at point E where it is far from ignition point. And timing of appearance of
pressure peaks obtained by numerical simulation correspondents to the timing of them obtained by
pressure measurement. Simulation results of peak intensity are almost agreed with results of pressure
measurement. But in fig. 7 (b), measured pressure is quite low, because it is thought that the
semiconductor pressure transducer is installed obliquely in point D for the direction of wave
propagation and reflection coefficient of wall of experimental condition is possible to be lower than
that of simulation condition.

Time integrated pressure impulse at point D and E is also shown in fig. 8. Simulation results of time
integrated pressure at point D is much larger than that of experimental results, because the peak

- 2 1 3 -



J A E R I - C o n f 2 0 0 5 - 0 0 7

0.5

| 0.0

O r\ c

1.0

S 0.5
0)
l-i
3

y 1.0
B
o -0.5,

—calculation
—experiment

„ ^/\p$$L\

. . . . i . . . .

: A :

i . . . . i . . . .

« 4.0

S 2.0

^ 0.0

!
—calculation
—experiment

. . . . i . . . .

0.5 1.0 1.5
time [msec]

(a) Pressure at point A

2.0 0.5 1.0 1.5
time [msec]

(b) Pressure at point D

2.0

—calculation
—experiment

. . . . i . . . . i .

, 1 , , ,

D

explosion
, , . , I , , . , i , . . . i . , . , i '"^^^^^^^^^^M~

'0 0.5 1.0 1.5 2.0
time [msec]

(c) Pressure at point E (d) Measurement Points
Fig.7 Time History of Pressure

pressure obtained from numerical simulation at
point D initially is larger than that obtained from
experiment. In fig. 8, simulation result of peak
pressure at point E is smaller than experimental
results. However, both results are agreed in time
integrated pressure.

It is thought that the effective impact is possible
to destroy the facility. Based on these results, in
the case of explosion in closed space, it is
confirmed that the pressure is extended locally. It
can be predicted that large damage might occur at
the walls, equipments and so on, when the
extended pressure is loaded locally.
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3.6 Research Conclusion
In this study, visualize technique, pressure measurement and numerical methods are adopted for

scaled model of nuclear fuel cycle facility. It is confirmed that numerical simulation results agree with
the experimental results well and they can explain the phenomena of the blast wave in closed space.

Reflection of the shock wave is observed repeatedly on the walls, when the explosion occurs in
closed space. And it is found that the pressure rise rapidly at the corner of this space. Once wave
passes through the windows or doors, diffraction occurs around a window and wave propagates in fore
direction of walls.

According to these results, it is confirmed that such methods are effective to estimate the damage of
facility by explosion and to evaluate safety. It is thought that these technologies will be adopted not
only safety assessment of nuclear fuel cycle facilities but also safety design, evaluation for many kinds
of facilities.

4. Conclusion
Author investigated the accidents in reprocessing plants, and fire and explosion incident in PNC

Tokai works, the very important information was obtained from the investigation. And JNC studied
the explosion safety to understand the pressure wave behavior in a nuclear facility and, to mitigate the
damage of the facility. This study obtained many important results in the safety technology fields
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about the industrial explosions. JNC carries out the research and development which aimed at an
establishment of safety technology for nuclear fuel cycle technology effectively taking advantage of
the knowledge acquired by such investigation and analysis of accidental information.
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10.1 Influences of Humic Substances, Alkaline Conditions and Colloids on
Radionuclide Migration in Natural Barrier

M. MUKAI, M. UEDA, D. INADA, K. YUKAWA, T. MAEDA and Y. IIDA

Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

JAERI has been conducting experimental and modeling studies on
influences of humic substances, highly alkaline conditions and colloids on
sorptive and diffusional behavior of TRU in geologic materials. Diffusion of
americium in tuff was enhanced in the presence of fulvic acid, one of humic
substances. Spread of highly alkaline environments was studied by the
trough-diffusion experiments. It was revealed in that the effective diffusion
coefficients of alkaline species, Ca2+ and OH", in granite in a
cement-equilibrated aqueous solution were higher by almost two orders of
magnitude than Na+ and OH~ in an NaOH solution. Radionuclide migration
is facilitated also by colloids, and thus a calculation code describing the effect
of colloids on radionuclide migration has been required.

KEYWORDS: Radioactive Waste, Geologic Disposal, TRU, Humic

Substances, Alkaline Conditions, Colloids, Sorption, Diffusion,

Through-diffusion Experiment, Granite, Tuff

1. Introduction

Geologic disposal of radioactive waste containing long-lived radionuclides such as TRU

nuclides needs a long-term safety assessment. For the long-term safety assessment, it is important to

understand radionuclide migration in natural barriers as well as in engineered barriers. A number of

physical processes and chemical reactions are involved in radionuclide migration in geologic media.

We have studied effects of humic substances (HS), highly alkaline conditions and colloids on

radionuclide migration. These factors have been recognized to have potentially significant

influences on radionuclide retardation by natural barrier, but have not been modeled to evaluate the

migration.

Humic substances (HS) are formed through microbial degradation of biomass and occur widely

in groundwater. They generally have strong affinity to form complexes with TRU nuclides, and

accordingly affect sorptive and diffusional behavior of TRU nuclides in geologic media.1} As to the

influence on sorption behavior, we have found that distribution coefficients of Tc(IV), Np(IV) and

Pu(IV) for granite decreased with increasing HS concentrations because of formation of less sorptive

complexes with HS.2) It is probable that the change in sorption behavior also affects on diffusional

behavior of radionuclide.

Highly alkaline conditions arise from cementitious materials used as waste form matrix and/or

structural materials of repositories, and potentially alter the chemical and physical properties of

geologic materials. We have performed static corrosion tests of granite in cement-equilibrated
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aqueous alkaline solutions at 90°C to observe the alteration of the granite. Sorption of neptunium

(Np) on the altered granite was studied through the batch sorption method.2) To apply these

experimental results to safety assessment, we have measured diffusion coefficient that is one of most

important parameters to predict the behavior of alkaline plume from repository.

Groundwater analysis near the Nevada Test Site showed that colloid-facilitated Pu was

transported significant distances (~1.3 km).3) Colloidal particles such as HS and cement colloids

can enhance radionuclide migration, and thus modeling the effect of colloids on radionuclide

migration has been required. We have reviewed chemical and physical properties of naturally and

artificially occurring colloids, filtration and deposition behaviors of colloids, then chose mechanisms

necessary for modeling. A prototype computer code was developed, which is capable of describing

results of laboratory-scale transport experiments of colloids.

Acrylic cell

2. Diffusional behavior of Americium through granite in the presence of HS

Through-diffusion experiments of 241Am in the

presence of fulvic acid (FA), one of major HS in

surface and ground waters, were carried out using an

acrylic cell shown in Fig. 1. A disk sample of tuff

rock was 10mm in thickness and 50 mm in diameter,

and placed between two reservoirs filled with 150ml

of synthetic groundwater.4-1 The FA used in the

experiments was distributed as a reference from the

International Humic Substances Society. To

systematically examine the effect of the FA on the

diffusional behavior of 241Am, three different

condition cases of experiment, shown in table 1,

were performed.

Silicone packing

Collection
reservoir

150ml

Tuff
rock
disk

Source
reservoir

150ml

Fig.l Through-diffusion cell.

Table 1 Concentrations of 241Am and FA in solution.

Source reservoir Collection reservoir
Case

241Am (mol/m3) FA(g/m3) FA(g/m3)

1

2

3

1.4X10"5

1.4 X10"5

1.4 X1Q-5

None
(Added30atS5days)

30

30

None
(Added30at55days)

30

None
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The cells were stationary laid in room

temperature and solutions were periodically

sampled from the both reservoirs to measure

their a-radioactivity.

Figure 2 shows the correlation between

relative concentrations (C(t)/Ci) of 241Am

with time in the source reservoirs for the

three cases. In the case-1 where the FA was

initially absent in the solution, concentration

of 241Am decreased to less than 10% of an

initial value after the time of 55 days. This

was because Am-carbonate, major chemical

species in the solution, had been adsorbed on

the tuff. In the case-2 and case-3 where the

FA were initially coexisting with 241Am,

degree of decrease of relative concentration

were smaller than that of the case-1. The

Am-fulvate generated in the solution can

diffuse through the tuff rock because of its

smaller size than pore of the tuff. At the

same time, Am-fulvate has less absorbability

to the tuff, thus 241Am concentration was

gradually decreased in accordance with the

diffusion process. In the case-1 after adding

the FA at the time of 55 days from the start,

sudden increase and following gradual

decrease of the 241Am concentration was

observed. This is considered to cause by

forming less absorbable Am-fulvate and

concurrent diffusion through the tuff.

1.0 e

A Case-1
OCase-2

•Case-3

100 200 300

Time (day)
400 500

Fig.2 Correlation between time and C(t)/Ci of
Am in the source reservoir (Co: Initial
concentration of Am =3.7x 10'8 mol/m3).

0.06

0.04

O

6

o
0.02

0.00

100 200 300

Time (day)

400 500

Fig.3 Correlation between time and C(t)/Ci of
Am in the collection reservoir (Ci: Stationary
concentration of Am in the source reservoir
=5.6 X10"9 mol/m3).

Figure 3 shows the correlation between time and C(t)/Ci of 241Am in the collection reservoir.

In the case-1, initially absence of the FA, 241Am was not detected in the solution until the time of 55

days. By adding the FA into the both cells, diffusion of 241Am started because of blocking the

adsorption on the tuff, thus the concentration of 241Am in the solution increased. Comparing three

concentration curves, difference was found in the slope until around the time of 300 days. This is

considered that the degree of adsorption or desorption of 241Am to the tuff was affected by the

concentration of FA in each solution. In the case-2 and case-3 after the time about 320 days,

decreasing rate of the concentration of 241Am in the source reservoirs became almost comparable with

each increasing rate. It was thought that the diffusion of 241Am became steady state because of fully

occupied the sorption site on the tuff.

Effective diffusivity (De) has been calculated using concentrations of 241Am in the source

reservoirs after the time of 320 days and the slopes of linear portion of the concentration curves in the
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collection reservoirs. The values of De for case-2 and case-3 were found to be (4.8±1.3)*10"13 m2/s

and (2.3±l.l)xl0"13 m2/s, respectively, and shown reasonably good agreement considering

measurement deviation. This result indicates that the diffusion rate in tuff rock at a steady state dose

not depend on initial concentration of FA in collection reservoir.

3. Diffusion of alkaline species through granite

Diffusional behavior of alkaline species thorough granite has been examined by through

diffusion method using the same diffusion cells for the 241 Am experiments. Thickness of the granite

rock sample is 5 mm instead of 10 mm in the case of tuff. Two cases of experiments have been

performed to evaluate the influence of alkaline species originated from cementitious material on

diffusion, and to compare with NaOH solution of the same pH. The cells were kept in a globe box

purged by Ar gas using atmosphere-controlling device to avoid CO2 in air at constant temperature of

25°C. Solution in the reservoirs was periodically sampled to measure the pH and concentration of

the cationic ions. The concentration of cationic ions was measured with ICP-MS or ICP-AES and

the concentration of OH~ was calculated by pH values.

Table 2 Experimental conditions of solutions.

Case Source reservoir Collection reservoir

A

B

Cement-equilibrated aqueous solution
(pH=12.5)

NaOH(pH=12.5)

Deionized water

Deionized water

0.05

•£ 0.04
"o

'ac 0.03

o
< + -

o

.1 0.02g
I 0.01

0.00

:Case-A
OA:Case-B

A A A

Source reservoir

Collection reservoir

0 5 10 15 20 25
Time (day)

Fig.4 Concentration change of OH~.

1.0E-09

"g 1.0E-10

u
Q

.S

1.0E-11

•I 1.0E-12

i
u

•^ 1.0E-13

u

1.0E-14

X : Reference

NpO2
+ : Kumata. et aL

Others : Yamaguchi

Case-A

Case-B

X ^N
- - X

Fig.5 Effective diffusivity in granite.
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Figure 4 shows the time course of concentration of OH in the case-A and case-B. Effective

diffusivity (De) of OH in case-A was found to be (9.7 ± 1.0) X 10"u m2/s , and it is higher by almost

two orders of magnitude than the case-B (8.4 ± 0.5) X 10"13 m2/s. These values are very close to De

of major cationic species in the both cases respectively (Ca2+ = (5.1±O.3)X 1O'U m2/s, Na+ = (1.0±

0.4) X 10'12 m2/s). This result shows that the diffusivities of OH in rock depend on those of

cationic species coupled with OH in solutions. The value of De for cement-equilibrated aqueous

solution is higher than that of the radionuclide (Fig.5).5) This might cause relatively earlier alteration

to natural barrier, and radionuclides released from a repository could migrate through the altered

natural barrier.

radionuclide ion

4. Development of numerical code for colloid-facilitated radionuclide migration

Colloids in groundwater may act as carriers by sorbing radionuclides released from a

radioactive waste repository. To evaluate radionuclide migration coexisting with colloid, transport of

colloids have to be properly described on the basis of characteristic features specific to colloid itself.

We have reviewed on chemical and physical properties then have chosen necessary mechanisms for

transport and reaction to be modeled and integrated into a numerical code.

As a first attempt to model such kinds of

features, deposition or filtration had been

integrated into a transport model by combined

with advection-diffusion equation.6) This model

can solely treat colloid transport. Next step was

to develop radionuclide migration model

coexisting with colloid, then interactions between

three phases, radionuclides —colloids—rock, have

to be taken into consideration.75 Some models

had taken the both considerations, filtration and

three-phase interactions, into account.8)

Comparing a migration experiment using solely

radionuclide in laboratory scale, radionuclide

Interactions between
Rl and colloids 7 advection/

diffusion

Interactions between
colloids and rock

I Interactions between
Rl and rock

Fig. 6 Conceptual diagram of radionuclide
transport model coexisting with colloids,

migration coexisting with colloids could be much

affected by kinetic reaction between radionuclide and colloid on the migration behavior, thus a model

introduced kinetic reaction had been developed.9-1 Another idea on a specific feature to colloid is

adsorption capacity of colloid for radionuclide. A numerical code TRAPIC has taken a kinetic

reaction based on Langmuir isotherm into model.10) Kinetic reaction coefficients were generally

obtained reverse analysis on column experiment, however, an attempt to obtain the coefficients by the

other experimental procedure and to compare with the coefficients from column experiment result was

reported11-1.

Based on these studies, we have chosen necessary mechanisms for transport and reaction

models to integrate into a numerical code. Conceptual diagram of the model is shown in Figure 6.

The model can treat the following functions: 1) Both for porous and fractured media, 2) Effects of

colloid filtration with and without capacity, 3) Kinetic models by first-order reaction, the Langmuir
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isotherm and first-order reaction with capacity, and 4) Both equilibrium and kinetic reactions of ions

with colloids at the same time. Among these functions, we have considered that from 2) to 4) are to

be particularly specific properties when analyzing and discussing radionuclide transport with colloidal

substances, thus have combined together with the functions into our numerical code.
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10.2 STUDY ON DISSOLUTION BEHAVIOR OF MOLTEN SOLIDIFIED WASTE

Tsuyoshi MIZUNO;, Toshikatsu MAEDA7 and Tsunetaka BANBA2

' Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan
2 Japan Nuclear Cycle Development Institute, Tokai, Ibaraki 319-1194, Japan

1. Introduction

Radioactive molten solidified waste (slag) has been generated by melting non-metallic low-level
radioactive wastes (LLW). Slag is expected to immobilize radionuclides in the waste repository. The
chemical durability of slag is an important factor for the safety assessment of the disposal in that the
durability provides the source term in the assessment. Since a chemical characteristic of slag is similar
to that of glass, the general information on the chemical durability of slag might be provided from
previous studies on nuclear waste glass. We have investigated effects of chemical compositions of slag
and alkaline environments of repository on the chemical durability of slag.

2. Effect of Chemical Composition of Slag

2.1 CaO/SiO2 ratio (Basicity)

Chemical durability of slag has been known to be affected by its basicity1*, which is defined by
CaO/SiC>2, and pH of leachant is also major factors affecting the slag dissolution behavior. In this study,
effects of the basicity on slag dissolution under various pH solutions conditions were investigated.

Slag was prepared to have the basicity of 0.14 to 1.0. Commercially available pH buffer
solutions (pH: 1.6, 4.0, 9.0 and 12.4) were used as leachants. Static dissolution tests were performed
for ground slag sample. Resulting leachate were analyzed by inductively coupled plasma with atomic
emission spectroscopy (ICP-AES).

Figure 1 shows initial dissolution rates of slag, defined as leach rate of Si (LRsi), as a function of
the basicity in various pH solutions. LRsi [kg/m2/s] is given by LRsi = msi*f,i'J*SA'1*fJ, where msi is the
mass of Si released in leachates [kg],^, is the mass fraction of Si in slag [-], SA is the surface area of
slag sample [m2] and t is the leaching time [s]. The rates obtained by one-day dissolution are plotted as
the initial rates in order to elimination of transition of pH during leaching. The initial dissolution rates
are not affected by basicity in alkaline solutions (pH 9.0 and 12.4). In general, slag dissolution is
caused by breakdown of slag network2*. It is considered that, in alkaline solutions, reversible
hydrolysis reaction to slag network consisted of silica is dominant for slag dissolution because there
are many hydroxyl ions3). In this dissolution mechanism, the amount of calcium element, which is slag
network modifier, does not affect slag dissolution. Therefore, basicity of slag is not related with slag
dissolution in alkaline solution. The initial dissolution rates in the acid region (pH 1.6 and 4.0) were
enhanced with the increase in basicity. Breakdown of slag network is suppressed in this low [OH"].
The ion exchange reaction is dominant for slag dissolution in acid solutions instead. Calcium is
leached out into solution by ion exchange with IT1" or H3O

+. Slag network becomes unstable and then
breakdown of slag network follows4*. This is a reason for the enhanced dissolution at higher basicity.
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Figure 1 LRsi as a function of the basicity during 1-day dissolution at pH values
between 1.6 and 12.4

2. 2 Al2O3/SiO2 ratio

According to Strachan, the dissolution rate of nuclear waste glass rapidly increases when zeolite
is formed on the glass surface as a secondary phase during leaching5). The formation of zeolite
requires the glass containing alkali elements, silicon and aluminum. The formation of zeolite is very
sensitive to the aluminum content of the glass65, and zeolite is formed at higher Al2O3/SiO2 ratio under
alkaline conditions55. For this reason, effects of the Al2O3/SiO2 ratio on slag dissolution under alkaline
condition were investigated.

Slag samples with the Al2O3/SiO2 ratio of 0.22 to 0.89 were prepared for the leaching tests.
Samples were doped with 5wt% B2O3 as an index element of matrix dissolution. Static dissolution
tests were performed for ground slag sample. NaOH solutions and deionized water (DIW) were used
for leachant. Resulting leachate was analyzed by ICP-AES, and the surface of the leached slag was
analyzed by X-ray diffraction (XRD).

Figure 2 shows the normalized concentrations of leached B, NCB [kg/m3] (NCB= cB*fB'J: where
the cB is the concentration of B in leachate [kg/m3] andfB is the mass fraction of B in slag [-]), as a
function of Al2O3/SiO2 ratio during 60-day dissolution in NaOH solutions. It is found mat slag
dissolution was accelerated with an increase in the Al2O3/SiO2 ratio (>0.6). Figure 3 shows XRD
profiles of slag leached in NaOH solutions
for 60 days. The peaks of zeolites were
found at slag samples with higher
Al2O3/SiO2 ratio (>0.6). Zeolites were
formed as a secondary phase on slag of
higher A12O3 contents under alkaline
condition. When zeolites form, Si element
in the leachate is consumed. To replenish Si
element, slag must continue to dissolve.
Therefore, dissolution of slag was
accordingly accelerated with increase in the
Al2O3/SiO2 ratio (>0.6) due to formation of
zeolite. In DIW, however, there is no
formation of secondary phases on the slag 0 0-2 0.4 0.6 0.8 1
surface for any Al2O3/SiO2 ratio, and slag AI2O3/SiO2 ratio
dissolution was not affected by the
Al2O3/SiO2 ratio Figure 2 NCB as a function of Al2O3/SiO2 ratio

in NaOH solutions for 60 days
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^ 0.60

0.38
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20 40

2 6 (deg.), CoK a

60

Figure 3 XRD profiles of slag leached in NaOH solutions for 60 days, a : NaAlSiO4 • xH20,
b : NaCaAlSi2O7) c : NaAlSi2O6, d : NaAlSiO4, h : C-S-H.

2.3 Iron Content

Slag could contain significant amount of iron oxide as an impurity. In our previous study, we
found that slag samples containing up to 5 wt% FeO had no segregated phase, and that dissolution of
slag was not affected by iron content^. However, when the iron content in slag is relatively high, iron
forms oxides and might be segregated in the slag. In this study, dissolution of slag samples with higher
iron content (11 to 24wt% FeO) was investigated.

The basicity of slag is 0.33 and 5wt% B2O3 is contained as an index oxide of matrix dissolution.
Static dissolution tests were performed for ground slag sample in DIW. Leachate was analyzed by
ICP-AES. The XRD was used for the crystallographic observation.

Figure 4 shows XRD profiles of the leached slag samples. It is observed that crystalline phases
segregate in the samples with 18 and 24 wt% of FeO (18wt% sample: magnetite (Fe3O4), 24wt%
sample: magnetite and maghemite (y-Fe2O3)).

Figure 5 shows the normalized elemental mass losses of B (NLB) in the 56-days dissolution test
for the three samples with different FeO contents. NLB [kg/m2] is given by NLB = mB*fB~'*SA~', where
mB is the mass of B in leachate [kg],^ is the mass fraction of B in slag [-] and SA is the surface area of
slag sample [m2]. It is found that NLB is independent of the FeO content. This result implies that the
short-term dissolution rate of slag is not affected by FeO and other possible iron oxides.

c
3

(A
C

A,B

A,B A ' B ARA,B

B
B

J, B B B
.JL -A.

*****

Content of FeO

24wt%

18wt%

llwt%

20 50 80
Diffraction angle (deg.),CoK a

Figure 4 XRD profiles of slag samples containing 11 wt%, 18 wt% and 24 wt% of FeO.
A : maghemite, B : magnetite.
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Figure 5 NLB for the three slag with different FeO contents leached in DIW at 90°C for 56 days

3. Disposal conditions; cement environment

Extensive use of cement for encapsulation, backfilling, and grouting purposes is envisaged in
radioactive waste disposal. Slag will be exposed to groundwater contacted with cementitous materials.
We investigated the effect of cement environment on the dissolution behavior of slag.

Slag samples with basicity of 0.33 were employed in the leaching tests. The samples were doped
with 5wt% B2O3 as an index element of matrix dissolution. Static dissolution tests were performed for
ground slag sample. Cement equilibrated solutions (CES), NaOH solutions and DIW were used as
leachants. Initial solution pHs of CES and NaOH solutions were adjusted to the same value at pH 12.5,
and that of DIW was 5.8. Leachate concentrations were determined by ICP-AES. Transmission
electron microscopy (TEM) was used for
the secondary phase analysis. 1 .E-02

Figure 6 shows normalized elemental
mass losses of B (NLB) up to 28 days in
each test solution. The NLB was higher in
CES and NaOH solutions than in DIW due
to high alkalinity. The NLBs are different
between CES and NaOH solutions although
the initial pHs of CES and NaOH solutions
were the same. Figure 7 shows TEM
micrograph and diffraction patterns of the
secondary phases formed on the slag
surface in CES. The diffraction pattern
indicates that calcium silicate hydrate
(C-S-H) was formed as the secondary phase
during slag leaching in CES. If C-S-H is
formed, the solution pH decreased as
shown by Eq. (1).

1 .E-03

1 .E-04

• N a O H

• A ADIW

30
1 .E-05

0 10 20

Dissolution Time (days)

Figure 6 NLB during dissolution tests of slag in
CES, NaOH solution and DIW at 90°C

<->C-S-H 0)

where, a, b and c are constants8). It is considered that the solution pH decreased locally near the slag
surface by C-S-H formation, and dissolution of slag under the cement environment decreased
consequently.
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Figure 7 TEM micrograph and diffraction pattern of C-S-H formed on the slag surface in CES
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10 .3 Data Acquisition on Migration of Radionuclides

under Deep Geological Environments

Yoshihisa EDA, Hiroshi TAKI, Tetsuji YAMAGUCHI, Tadao TANAKA,

Kumi NEGISffl, Shinichi NAKAYAMA

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Data sets on diffusion of radionuclides in altered bentonite and solubility of metallic selenium at high ionic
strengths have been prepared for a probabilistic safety assessment of radioactive waste disposal.
The effective diffusion coefficients of cesium and iodine in unaltered bentonite seem to be within the range of
previously reported data, although the diffusion have not reached steady state. The solubility of metallic
selenium in a mixture of 1M or 2M-NaCl and 0.05M-N2H4 under anoxic conditions (pea < 10"6) was
measured from undersaturation and oversaturation. The equilibrium constants for

Se(cr) + H+ + 2e" = HSe" and

and the ion interaction coefficients for HSe' and Sef versus Na+ were determined. In addition, corrosion of
carbon steel overpack was investigated to predict porewater chemistry that is needed to evaluate solubility of
redox sensitive elements. Corrosion products of carbon steel in aqueous NaHCC>3 solutions were identified to
be magnetite and carbonate-containing iron compounds.

Keywords: diffusion, solubility, selenium, corrosion, overpack

1. Introduction
For a probabilistic safety assessment of groundwater migration scenario for radioactive waste disposal, it is

necessary to extract the parameters which have a large effect on the safety assessment, clarify the factors
which give the uncertainties to these parameters, and decide a variation in these parameters and incorporated
that in a probabilistic safety assessment of radioactive waste disposal.

We focus our experimental efforts on parameters that might induce major uncertainties in the radionuclide
migration analysis and that have not been quantitatively assessed. Possible sources of uncertainty include
increase in ionic strength of groundwater caused by intrusion of seawater and/or dissolution of sodium nitrate
in TRU waste, highly alkaline conditions originating from cementitious materials, and a variation of
porewater composition accompanied with corrosion of overpacks.

2. Diffusion of Cesium and Iodine in Altered Bentonite
Bentonite buffer material is considered to be altered in

highly alkaline conditions originating from cementitious
materials. Diflusivity of radionuclides in bentonite buffer
materials is variable by alteration of bentonite over a long
time period1*. Variation of effective diffusion coefficient in
bentonite can be explained by considering variations of
porosity of bentonite, montmorillonite content, chemical
composition of porewater and temperature.

We have started diffusion experiments of cesium ion
(Cs4) and iodide ion (T) in altered bentonite and
bentonite/sand mixtures with the porosity of 60% under
anaerobic conditions, to clarify the effects of variation of

If™
Source [

reservoir

(d ) |

. / •!

Ml

mi

1
] Collection

reservoir

| (c2)

bentonite/sand mixture

Fig. 1 Schematic drawing of the through diffusion
cell used in the Csl diffusion experiment
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porosity and montmorillonite content on the diffiisivity.

2.1 Experimental
The diffusivity of Cs+ and Y in altered bentonite and bentonite/sand mixtures were obtained by the

through-diffusion method using acrylic diffusion cells as shown in Fig. 1. Four types of diffusion media,
altered bentonite, bentonite/sand(l:9) mixture, bentonite/sand(2:8) mixture and bentonite/sand(7:3) mixture
were employed to examine the effects of variation of montmorillonite content. One of the reservoirs (referred
to as "source reservoir") was filled with a 10"4rVI cesium iodide solution- and the other (referred to as
"collection reservoir") with deionized water. The through-diffusion runs were conducted at 25°C and under
the Ar gas atmosphere. At the 7 to 14day intervals, the concentrations of Cs+ in the source reservoir and
collection reservoir were measured by inductively coupled plasma mass spectrometry (ICP-MS, Japan
Electron Optics Laboratory Co., Ltd., JMS-PLASMAX2) and that of Y was measured by iodide selective
electrode.

2.2 Results and Discussion
The concentration of Cs+ in the collection reservoir did not increase during the first 20 days. After this

delay, the concentration of Cs+ in the collection reservoirs began increasing as shown in Fig.2. The delay of
increasing is considered to be caused by the sorption of Cs+ on diffusion media. The increasing rates of the
concentration of Cs+ were not close to the decreasing rates in the source reservoirs, which means the diffusion
of Cs+ have not been in steady state. The diffusivity of Cs+, D& was estimated by using the increasing rate of
Cs concentration in the collection reservoirs and the decreasing rate in the source reservoirs respectively.
The desired value lies between the two De values. The De values were (2xlO"n - 2x1 (TViV1 for altered
bentonite, (9xKrn - 2xl()-9)m2-s"1 for bentonite/sand(l:9) mixture, (4xl(rn - T x K T V V for
bentonite/sand(2:8) mixture and (3xl0"u - S x l O ' ^ V for bentonite/sand(7:3) mixture. These values are
summarized in Table 1.

Previously reported data of diffusivity of Cs+ in unaltered bentonite (porosity is 40%) are mostly within a
range from 10'11 to 10"8"5 mV 1 2). This range covers the obtained De values from the present experiments.

o
iH

(J

i i -
u

1.00 1

0.80

0.60

0.40

0.20
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O: attend
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O7:3

t (d)
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Fig. 2 Effective diffusivity, De (m
2 s"1), of Cs+ in compacted sand-bentonite mixture.

The distribution coefficient, Kd, of Cs+ was obtained to be >2xl0'3m3-kg"' in altered bentonite, >6xlO"3

m3-kg'] in bentonite/sand(l:9) mixture, >3xl0"3m3-kg'' in bentonite/sand(2:8) mixture and >2xlO"3m3-kg"1 in
bentonite/sand(7:3) mixture. These results are summarized in Table 1. Previously reported data of
distribution coefficient of Cs+ in unaltered bentonite (porosity is 40%) are mostly within a range from 10'3 to
102 m^kg'1 2). Our values are distributed within this range.
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Fig. 3 Diffusivity of iodide ion in
compacted sand-bentonite mixture.

Table 1 Effective diflusivity (De) and distribution coefficients (Kd)
of cesium and iodide ions in compacted sand-bentonite mixture.

The increasing rate of concentration of I" in the
collection reservoir is shown in Fig. 3. The diffusivity of
F was estimated by using the increasing rate of Y
concentration. The concentrations of I" in the source
reservoirs were constant at the initial concentration,
lO-̂ M, through the experimental period.

The obtained De values were 6x10'11 mV 1 in altered
bentonite, lxlO"11 m^s"1 in bentonite/sand(l:9) mixture,
5xKrn mV 1 in bentonite/sand(7:3)
mixture (Table 1). Iodide ions in the
collection reservoirs that diffused through
the bentonite/sand(2:8) mixture could not
be detected, therefore the De values in
bentonite/sand(2:8) mixture were not
obtained.

The effective diffusion coefficient of I"
in the bentonite/silica sand(l:9) mixture
which contained a minimum amount of
montmorillonite was twice as large as that
in the bentonite/silica sand(7:3) mixture
which contained a maximum amount of
montmorillonite. This increase of
diffusion coefficient with decrease of
montmorillonite can be interpreted by the
decrease of anion exclusion in the
montmorillonite. From this result, a
variation in effective diffusion coefficients of I' caused by difference of montmorillonite contents were
estimated to be as large as twice.

3. Solubility of Selenium at High Ionic Strength
Selenium(Se)-79 is one of radionuclides that dominate long-term radiological hazard of high level waste

disposal3). However, reliable data for assessing the solubility of Se at high ionic strength under anaerobic
conditions are not available. We have performed dissolution experiments of metallic Se in 1 M and 2 M
NaCl solutions under anaerobic conditions, and evaluated the solubility at high ionic strength.

3.1 Experimental
Solubility experiments of metallic selenium were performed from both oversaturation and undersaturation

directions. For oversaturation experiments, a Se stock solution was prepared by dissolving 3 grams of washed
powdered metallic selenium in a 2 ml of 98 % hydrazine monohydrate (N2H4» H2O), and diluting it with a 48
ml of a 1.5 M NaOH solution4). Two milliliters of the Se stock solution was mixed with a 1.5 M HC1 solution
and diluted to 30 ml with a 1 M or 2 M NaCl solution. The pH of these sample solutions was adjusted to
desired values between 5 and 13 with dilute hydrochloric acid. The ionic strength of the sample solutions was
1 or 2M, and the concentration of N2H4» H2O was 0.05 M.

Prior to the start of the solubility experiments from the undersaturation direction, two grams of powdered
metallic selenium (obtained from Wako Pure Chemical Ind. Ltd., Japan) were washed to remove soluble
impurities such as SeO2. A mixture solution of sodium chloride (NaCl) and N2H4» H2O was used in the
undersaturation experiments. The concentration of NaCl was varied to adjust ionic strength of the solution
tol or 2 at pH between 5 and 13.

media
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The sample solutions were stored in a controlled atmosphere glove box under the Ar gas (pa < 10"6) at

25.0±1.0 °C and agitated once a day. After 60-day equilibration, pH and Eh of the solutions were measured.

Redox potential of the sample solutions was measured with a platinum electrode which was checked with

saturated quinhydrone solutions. A small amount of the solid phase was removed to analyze by powder

X-ray diffraction. A 5 ml aliquot of the liquid phase was sampled and ultrafiltered through 10,000 NMWL

(nominal molecular weight limit) regenerated cellulose filter (Millipore). This filter was preconditioned by

filtering a small amount of sample solution. A 1 ml of the filtered sample solution was oxidized by adding a 2

or 3 ml of hydrogen peroxide (H2O2) to prevent precipitation of metallic selenium. The solution was diluted

with 0.1 M nitric acid and the concentration of selenium was determined by ICP-MS.

3.2 Results and Discussion
The dominant species of Se were reported to be HSe' at the pH range between 5 and 8, and Se^ at the pH

range between 10 and 13 S). Therefore, the dissolving reactions of Se can be described as

Se(cr) = HSe"

4Se(cr) + 2 e = S e 4
2

(5<pH<8)and

K2 (10<pH<13).

(1)

(2)

Reaction (1), involving reduction of Se(cr) to Se(-II) and participation of a proton, is represented by a

straight line with the slope of (-1) on the plot of (log[total selenium concentration] + 2pe) versus pH and the

reaction (2) shows the line of the slope of 0 (Fig.4).

The conditional equilibrium constants of Ki and K2 for the reaction (1) and (2), respectively, are described

as

K, = [HSeHHlT1-[eT2 and (3)

K2 = [Se4
2-]-[ef (4)

where [M] is the concentration of species M. The total selenium concentration, [Se]^ is given as

= K1-[H+]-[ef (5)

Applying the least-squares fitting on the measured total selenium concentrations to the equation (5) yields

the conditional equilibrium constants for the reaction (1) and (2), logKi(iM) = -6.8±0.5 and logfooM)=

-15.5±0.5 in the 1M NaCl solutions, and logKi(2M) = -6.8±0.5 and logK2(2M)= -15.6±0.5 in the 2M NaCl

solutions, respectively. The uncertainty of ±0.5 is associated to the logK values that originated from the

uncertainty in the Eh measurements (±15 mV or ±0.25 pe unit).

-13

-14

cL -15

3 -16

(N

-12

-13

-14

3 -16
12 144 6 8 10 12 14 4 6 8 10

pH pH
Fig. 4 Plots of (log [total selenium concentration] + 2pe) vs. pH. Circles represent the data obtained from

the oversaturation experiments; the curve represents the least-squares fit of the Eq. (5) to the data.
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The ion interaction coefficient (e) and the equilibrium constant at zero ionic strength (logK0) were
estimated by specific ion interaction methods (SIT) ^ using obtained logKi and logK2 values at 1M and 2M
NaCl, and previously reported equilibrium constants at 0.1M NaCl, logKUo.iM) = -6.5±0.5 and logK2(o.iM)=

-16.3±0.5 respectively5*. The equilibrium constants were determined to be log Ki° = -6.6± 0.2 for the reaction
(1) and log K20 = -16.6± 0.3 for the reaction (2), and the ion interaction coefficients were determined to be
e(HSe\ Na*) = 0.24±0.09 and E(Se4

2", Na*) = -0.06±0.20. The obtained value of e(HSe", Na*) is slightly
higher than that of the other mono-valent anion, and the obtained value of e(Se4

2', Na"*) is same as that of the
other divalent anion6*. By using the obtained datasets of parameters, the solubility of selenium at high ionic
strength such as seawater is possible to be evaluated.

4. Corrosion of Overpack
A redox potential of porewater is necessary to evaluate solubility of redox sensitive elements such as Se.

Corrosion of overpack is one of factors which control the redox potential of porewater. We performed
soaking experiments of carbon steel under anaerobic conditions, and identified corrosion products of carbon
steel in the presence of HCO37CO3

Z'.

4.1 Experimental
Test pieces of carbon steel (JIS G3106 SM400B, 10mmx20mmx2mm) were polished by #1500 emery

paper and soaked in the 50ml of 0.1 M,0.5 M or 1 M NaHCO3 solutions and deionized water. The pH of the
sample solutions was adjusted to 8.5 or 9.5 with a NaOH solution. The samples were stored in a controlled
atmosphere glove box under the Ar gas (p^ < 10"6) at 90 °C. After a week, the test pieces were washed by
deionized water. After drying, corrosion products on the surface of the test pieces were analyzed by X-ray
photoelectron spectroscopy (XPS, Japan Electron Optics Laboratory Co., Ltd., JPS-9010).

4.2 Results and Discussion
Figure 5 shows the binding energies of orbital of carbon and iron in the test samples in NaHCO3 solutions

and deionized water (DIW) at pH9.5 analyzed by XPS. Existence of the carbonate-containing iron
compounds (Fe-CO3) as corrosion products of the sample soaked in 0.5 and 1 M NaHCO3 solutions was
indicated by the peaks of Cls (289.4eV) and Fe2p (710.2eV). On the other hand, existence of magnetite
(Fe3O4) in 0.1 M NaHCO3 solutions and DIW was indicated by the peaks of Fe2p (710.8eV). The peak
caused by carbon steel (706.9eV) was not observed. Experimental results at pH8.5 and 9.5 are summarized in
Table 2. At lower carbonate concentrations and higher pH, only magnetite was detected as a corrosion
product, while at higher carbonate concentrations and lower pH, Fe-CO3 compounds were detected. From
these results, it can be said that formation of corrosion products of carbon steel depends on chemical
composition of porewater.

' Fe2p

294 289 2B4 279

Binding energy (eV)

715 710 705 700

Binding energy (eV)

Fig.5 Binding energies of Cls and Fe2p orbital of the test samples in NaHCO3 solutions at pH 9.5
analyzed by XPS. The peaks of Cls (289.4eV) and Fe2p (710.2eV) indicate the existence of Fe-CO3

compounds, and the peak of Fe2p (710.8eV) indicates the existence of Fe3O4.
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Table 2 Corrosion products of caibon steel in NaHCO3

solutions found on the surface of test sample analyzed

byXPS.

pH

8.5

9.5

Concentration of

NaHCOj (M)

0.0
0.1
0.5
1.0
0.0
0.1
0.5
1.0

Corrosion products of

carbon steel

Fe3O4

Fe-CO/
Fe-COj'
Fe-CCV

Fe3O4

Fe3O4

Fe-COj '

Fe-C(V
1: Iron compounds with carbonate

In order to evaluate the redox potential of porewater,
it is necessary to identify corrosion products of
overpack, to determine corrosion reactions to control
the porewater chemistry and to obtain the data sets of
equilibrium constants of corrosion reactions.
Thermodynamic data for iron species and iron
compounds were well known e*7i8*J but the reliable
data sets for Fe-CO3 compounds which were observed
as corrosion product in this experiment are not
available.

Therefore we will identify the chemical
composition of corrosion products in the presence of
carbonate ion and then acquire the standard free
energy of formation for Fe-CC>3 compounds after this.
Still more, the redox potential of porewater will be
calculated by the kinetic corrosion of carbon steel,
mass transfer of the aqueous species and the
equilibrium constants of ferrous/ferric ion, remarkable species for corrosion of overpack such as H2(aq)/H+,
O2(aq), HSVSO4

2", or CHVCO3
2' and corrosion products such as magnetite, pyrite or Fe-CO3 compounds.

Acknowledgements
This is a part of study funded by the Japanese Ministry of Economy, Trade and Industry.

References
1) S. Nakayama, Y. Sakamoto, T. Yamaguchi, M. Akai, T. Tanaka, T. Sato and Y. Iida, "Dissolution of

montmorillonite in compacted bentonite by highly- alkaline aqueous solutions and diffusivity of
hydroxide ions," Appl. Clay Sci., 27, 53 (2004).

2) Japan Atomic Energy Research Institute, "HI5. Research on long-term performance evaluation in
radioactive waste disposal," Appendix, App.V-12(in Japanese) (2004).

3) Japan Nuclear Cycle Development Institute, "H12: Project to establish the scientific and technical basis
for HLW disposal in Japan, JNC TN1410 2000-001 (2000).

4) D. E. Levy and R Myers, J. Phys. Chem., 94,7842 (1990).
5) Y. Iida, T. Yamaguchi, S. Nakayama, T. Nakajima and Y. Sakamoto.'The solubility of metallic

selenium under anoxic conditions," Mat Res. Soc. Symp. Proc. Vol. 663,1143 (2001).
6) R. J. Lemire, J. Fuger, H. Nitsche, P. Potter, M. H. Rand, J. Rydberg, K. Spahiu, J. C. Sullivan, J. C.

Ullman, P. Vitorge, and H. Wanner, "Chemical Thermodynamics of Neptunium and Plutonium,"
Elsevier, Amsterdam, 2001.

7) Y, Yoshida and M, Yui, "JNC thermodynamic data base for geochemical calculation code," JNC TN
8400 2003-005(2003).

8) W. Stumm and J. J. Morgan, "Aquatic Chemistry," John Wiley & Sons, Inc., 3rd edition, New York
(1996).

- 235 -



JAERI-Conf 2005-007 JP0550453

10.4 Experimental and modeling study to predict long-term alteration of ben-
tonite buffer materials with alkaline groundwater

Mayumi TAKAZAWA, Kumi NEGISHI, Yoshifumi SAKAMOTO, Masanobu AKAI,
Tetsuji YAMAGUCHI, Yoshihisa IIDA, Tadao TANAKA and Shinichi NAKAYAMA

Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

Highly alkaline environments induced by cementitious materials in radioactive
waste repositories are likely to alter montmorillonite, the main constituent of bentonite
buffer materials. Over long time periods, the alteration may cause the physical and/or
chemical properties of the buffer to deteriorate. For the purpose of investigating the ef-
fect of the alteration on the hydraulic conductivity of the bentonite buffer, hydraulic
conductivity, dissolution rates of montmorillonite and diffusivity of hydroxide ions have
been measured for compacted sand-bentonite mixture specimens under simulated
groundwater conditions. Because leaching behavior of cementitious materials is required
to be quantified mathematically for estimating the alteration of the bentonite buffer, we
have initiated alteration experiments of hardened cement paste to develop a secondary
mineral formation model, and transport-pore clogging experiments to develop a porosity
change model. A code, MC-BENT, which coupled mass-transport and chemical reac-
tions is developed to predict long-term changes in hydraulic conductivity of the bentonite
buffer by using experimental results for the bentonite.

KEYWORDS: bentonite, cement, alteration, geochemical reaction analysis, hydraulic
conductivity, coupled mass-transport and chemical-reaction analysis, radioactive waste
disposal

1. Introduction
Uncertainties should be assessed in a long-term assessment of radioactive waste disposal. We fo-

cus our experimental efforts on parameters that induce major uncertainties in the radionuclide migra-
tion analysis and that have not been quantitatively understood. Alteration of the bentonite buffer mate-
rial under highly alkaline environments induced by cementitious materials in geological disposal fa-
cilities is a prioritized study. The highly alkaline environments may alter montmorillonite, the main
constituent of bentonite buffer materials, and are likely to cause the physical and/or chemical proper-
ties of the buffer materials to deteriorate.

The purpose of our investigation is to quantify the effect of the long-term alteration caused by the
alkaline environment on hydraulic conductivity of bentonite buffer. Our goal is to predict the time- &
space-dependent hydraulic conductivity of compacted sand-bentonite mixtures in radioactive waste
repositories.

2. Framework of approach
The structure of the approach to prediction of the time- & space-dependent hydraulic conductiv-

ity of bentonite buffer is shown in Fig. 1. The long-term prediction is made by using a coupled
mass-transport/chemical-reaction analysis. The analysis needs a number of input parameter values
including thermodynamic properties of minerals, chemistry of groundwater, configuration of waste
package and structural materials, and boundary conditions on the alkaline source and natural barriers.
The dissolution rate of montmorillonite, the diffusivity of hydroxide ions and the hydraulic conductiv-
ity in the compacted sand-bentonite mixtures are essential parameters, which quantify the effects of
alteration caused by the alkaline environments on the hydraulic conductivity of a bentonite buffer.
For this reason, we have performed experiments to acquire quantitative data on the rate of dissolution
of montmorillonite and diffusivity of the alkaline source in compacted, cylindrical bentonite samples
under highly alkaline, simulated groundwater conditions. Also we have determined the hydraulic
conductivity of the sand-bentonite mixture as a function of montmorillonite content and ionic strength
of the solution.
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In order to estimate the alteration of bentonite, the leaching behavior of cementitious materials is
required to be quantified by a mathematical model that integrates mass transport, mineral evolution
and relating data for the cement-water system. Information on the secondary mineral formation and
data such as porosity and diffusivity of hydroxide ions in the hardened cement paste are needed. We
have initiated alteration experiments of hardened cement paste to develop a secondary mineral forma-
tion model, and transport-pore clogging experiments to develop a porosity change model. Literature
survey will be done to formulate the diffusivity of alkali ions in cementitious materials.

Literature survey on diffusivity
Diffusivity: D (5 7)
T: temperature

c: porosity

Hydraulic conductivity measurement
& literature survey

Hydraulic conductivity, K (Pnt 1)
A , : effective montmorillonite dry density
/ : Ionic strength of pore water

Alkali diffusion
experiment

Diffusivity :D{cT)
T: temperature
e: porosity

Coupled mass-transport / chemical-
reaction code (MC-BENT) i

Cementitious materials

Diffusivity in cement: D (x. r)
Activity of hydroxide ions : aOH.(x, t)

I Alkaline
Igroundwater

Bentonite buffer

Hydraulic conductivity : k (x, t)
Mass of montmorillonite .- M(x, t)

Activity of hydroxide ion .- aoll_(x, t)

Alteration experiment

Secondary mineral
formation model

'Transport pore clogging N

experiment

v Porosity change model

Alteration experiment
Dissolution rate: RA (a0HJ T)

aOH:. activity of hydroxide Ions
T : temperature

( ] : for sand-bentonite
mixture

: for hardened cement
paste

Butyl rubber packing

Compacted sand-
bentonite mixture;
20mmit>x10mmt

Fig. 1 Structure of the approach to predict long-term alteration of bentonite buffer.

3. Bentonite Experiments
We have performed experiments to acquire data on the rate of dissolution of montmorillonite in

compacted, cylindrical sand-bentonite mixtures (20 mm<t> x 10 mmt, 1.6 Mg m'3) under highly alkaline,
saline groundwater conditions^. This experimental configuration was employed because it reflects
repository conditions such as the use of compacted bentonite and saline alkaline groundwater that is
nearly saturated with respect to silicon and aluminum concentrations. Temperatures were selected to
be 50°C to 170°C, and the concentrations of OH'
were 0.1 to' 1.0 M to observe montmorillonite
dissolution over a reasonable time period.

The diffusivity of hydroxide ions in
compacted sand-bentonite mixtures was obtained by
the through-diffusion method using a polysulphon
diffusion cell as shown in Fig. 2. The specimens of
compacted sand-bentonite mixtures, which are the
same in size and in mineral composition as those
used in the alteration experiments, were employed
in the hydroxide ion diffusion experiments. The
water in one of the reservoirs (referred to as
"high-pH reservoir") was replaced with simulated
cementitious water, and the other (referred to as
"low-pH reservoir") with simulated fresh-type
groundwater. The experimental runs were conducted
in the temperature range of 10 to 90°C under the
ambient atmosphere. At 7-day intervals, the pH of
the aqueous solutions in the two reservoirs was Fig. 2 Schematic drawing of the through difiu-
measured. sion cell used in the hydroxide ion diffu-

sion experiment.

- Sintered SUS
filter; 1 mmt

High-pH reservoir:
simulated cementitious
water; [OH"] = 0.3 M

Low-pH reservoir: simulated
fresh-type groundwater;
[OH-] = 1x10^ M
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Hydraulic conductivity tests were performed for sand-bentonite mixtures of different
montmorillonite contents using deionized water, 0.1 - 1.0 M NaCl and CaCl2 solutions of different
concentrations. The mixtures of Na-type bentonite (Kunigel VI) or Ca-type bentonite and silica sand
of two different grain sizes (0.1 - 0.85 mm: SiO2 94.6%, 0.85 - 2 mm: SiO2 99.78%2) ) were
compacted to cylindrical specimens of 100 mm in diameter and 50 mm in thickness. The dry density
was 1.6 Mg m"3 and the content of montmorillonite varied between 1 to 32.5%.

0.8

0.6 • -

0.4

0.2

o 0.0

9OC

50 tOO 150
Time (day)

200 250

Fig. 3 Dissolution curves of montmorillonite in com-
pacted sand-bentonite mixtures as a function of time
at[NaOH] ~ 0.3 M.

E
tuj

M
O

4. Results of Bentonite Experiments
The amount of montmorillonite in the

compacted sand-bentonite mixtures
decreased in a few days to several months
under the employed conditions of pH and
temperature, as seen in Fig. 3. X-ray
diffraction patterns of sand-bentonite
mixtures indicated the decrease of
montmorillonite. Crystalline silica also
dissolved, and a secondary mineral, analcime
(NaAlSi2O6), was formed. The linear
decrease can be expressed as
W(t) = W(0) - RAt, where W(t) denotes
the density of montmorillonite (Mg of
montmorillonite/m3 of sand-bentonite
mixture), W(0) the initial density (1.758

Mg/3.14 m3 = 0.56 Mg m"3), RA (Mg m"3

s'1) the rate of density decrease and / (s) the
time after the contact with the simulated
groundwater. The RA is a function of
activity of OH" and temperature as shown in
Fig. 4, and can be expressed as

p - O ^ V / T 1 - 4
 v--sio«yxr /IN

A, - J . 3 X f l o r
 e V'

where R the gas constant (8.314 J mol"1 K'1).
The activation energy is 51±10 kJ mol'1.

In the hydroxide ion diffusion
experiments, it took a few tens of days for
the ions to diffuse through the 10 mm-thick
compacted sand-bentonite mixture disks.
The increasing rate becomes close to the
decreasing rate of the activity in the high-pH reservoirs, and when the two values of the rate were
identical, the steady state flux of hydroxide ions was established in the specimens. The diffusivity was
calculated by using the identical values of the rate. The obtained De values were (3.9±0.6)xl0"n m2 s"1

at 10°C, (4.6±2.3)xlO-n m2 s"1 at 20°C, (l.l±0.4)xl0-10 m2 s"1 at 30°C, (8.9±2.2)xlO-n m2 s"1 at 40°C,
(1.1 - 2.3)xlO-10 m2 s'1 at 50°C, (1.8±0.7)xl0-10 m2 s1 at 70°C and (0.9 - 5.4)xlO-10 m2 s"1 at 90°C,
which are summarized in Fig. 5. The dependence of De on temperature follows the Arrhenius equation.

r> -15.1-21000/JW
De=* (2)

The diffusivity of ions in compacted bentonite materials is known to depend strongly on their
porosity, E, and reported to be proportional to E 21 by Kato et a/.3) The effective diffusivity of
hydroxide ions in compacted bentonite materials can be expressed as a function of the temperature and
the porosity as

The results of hydraulic conductivity test were shown in Fig. 6. The hydraulic conductivity in-
creased with increasing NaCl concentration and with decreasing effective montmorillonite dry density.

- o

-6

-7

-8

-9

in

•
A

O
%

170°C
130°C
90°C
50°C

a*

p. -
. -5

„ -

i .

•
f

-2 -1.5 -1 -0.5

log aOH_ (mol-l )

Fig. 4 Dependence of the montmorillohite dissolu-
tion rate, RA (Mg m"3 s"1), on temperature and on
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The hydraulic conductivity was formulated as

(4)
where / the ionic strength of the permeant solution and p m the effective montmorillonite dry

density (Mg-m'3) which is defined as the ratio of the weight of montmorillonite to the volume of
montmorillonite plus pores in the system.

c

-21

-22

-23

-24

-25

0.0025 0.003 0.0035 0.004

1/TOC1)

Fig. 5 Effective diffusivity, Dt (m
2 s"1), of

hydroxide ions in compacted
sand-bentonite mixtures in the tempera-
ture range of 10 - 90°C.
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Effective montmorillonite dry density (Mg m"3)

Fig. 6 Correlation between hydraulic conductivity of
sand-bentonite mixture and effective montmorillonite
dry density. # : Na-type, distilled water, A :
Na-type, 0.1 M NaCl, • : Na-type, 0.3 M NaCl,
• : Na-type, 1.0 M NaCl, O: Ca-type, distilled wa-
ter, A: Ca-type, 0.3 M NaCl, broken line: literature
data4).

start

Groundwater flow analysis

Heat transfer analysis

5. Development of a coupled mass-transport / chemical-reaction code
Mathematical formulae for the dissolution rate of montmorillonite, the diffusivity of the alkaline

source and the hydraulic conductivity in compacted bentonite specimens were obtained based on ex-
perimental data. The formulae help predict the time- and space-dependent hydraulic conductivity of
bentonite buffer materials in radioactive waste repositories. For this purpose, a coupled mass-transport
/ chemical-reaction code (MC-BENT) was developed. This code enables us to estimate long-term al-
teration of bentonite buffer materials accompanied with space- and time-dependent changes in porosity,
hydraulic conductivity and diffusivity. A widely-used and
verified geochemical code, PHREEQC ver. 2.85), is in charge
of the chemical reaction calculations for both chemical kinet-
ics and equilibrium. For transport calculation, the code deals
with both diffusion and advection. We added capability for
calculation of 2-dimensional system that is essential in deal-
ing with space-dependent hydraulic conductivity. We also
added a capability of calculating heat transfer to provide spa-
tial distribution of temperature because the dissolution rate of
montmorillonite and diffusion of alkali ions in bentonite
buffer strongly depend on the temperature. The code sequen-
tially calculates the groundwater flow, heat transfer, mass
transport, geochemical reactions, changes in properties such
as porosity and effective montmorillonite dry density, changes
in parameters on mass transport such as hydraulic conductiv-
ity and diffusivity as shown in Fig. 7

The code predicts long-term changes in the adsorption
capacity of the bentonite buffer resulting from the changes in
mineral compositions. The separated and sequential calcula-
tion scheme of the groundwater flow analysis and the geo-
chemical reaction analysis provides us with measures to re-

Mass transport analysis

Geochemical reaction analysis
(PhreeqC)

Computation of porosity and
montmorillonite gel density

Estimation of permeability
and diffusivity

end

Fig. 7 Flow of the calculation in
the analysis code.

duce calculation time because often it is not necessary to perform both analyses for some calculation
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cells.
Trial calculations were performed to reproduce some of our experimental observations in the al-

kaline diffusion experiments at 70°C. The dissolution rate of montmorillonite in a sand-bentonite
mixture was given by equation (1). Other minerals in the bentonite were assumed in local equilib-
rium with the aqueous solution. Silica sand was modeled as quartz that dissolves kinetically follow-
ing the reaction rate6) as

(5)

where k the dissolution rate constant (10"138 mol m"2 s"1 at 70°C) and A the surface area (9.53xl03

m2 m'3), n the exponent of the hydrogen ion activity in solution (-0.55 at 70°C), Q the ionic product, K
the equilibrium constant.

The results of the calculation are compared with the experimental data shown in Figs. 8 and 9.
The calculation reproduced the time-dependent variations in OH" concentrations (Fig. 8) and concen-
trations of major elements (Fig. 9). The comparison illustrates that the model and code we are devel-
oping express quantitatively the mass transfer in a sand-bentonite mixture under highly alkaline condi-
tions. This is an indication of partial verification of our model and code. The concentration of Al was
slightly underestimated in the calculation probably because of formation of non-crystalline analcime in
the alkali diffusion experiments.

In order to provide reliability for the long-term prediction of bentonite buffer performance, we
need to

- understand mechanisms of alteration of compacted bentonite,
- understand alteration behavior of cementitious material as the source of alkaline plume,
- formulate the effect of exchangeable Ca ions on hydraulic conductivity in bentonite buffer and
- improve and verify of the code to deal with activity of ions in pore water.

* . * • _ • - • • • - • - • - - • • - - -
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Fig. 8 Calculated and measured concentrat ions of OH".

•=• ° 5 f I Hi«h-»H 6. On-going experiments on cementi-
tious materials

6.1. Alteration experiment of hardened
cement paste

An alteration experiment of hard-
ened cement paste using artificial sea-
water is being carried out to observe
evolution of liquid phase composition
and dominating solid phases.

The hardened cement pastes of
water to cement ratio of 0.45 cured at
50 °C for 45 d was pulverized into
0.25-0.09 mm. The pulverized materials
were sealed in polythene bottles with
artificial seawater at the liquid to solid
ratio of 10. The samples were placed in
a controlled atmosphere glove box un-
der argon (po2<10"6 arm) until equilib-
rium. Then the liquid phase was re-
placed by fresh one to induce further
alteration of the hardened cement paste
and to lead to a new equilibrium. This
replacement was repeated 10 times. The
crystalline solid phase was identified by
X-ray diffraction (XRD). The liquid

phase was analyzed for pH and chemical compositions. Transformations of the solid phase and ac-
companying changes in the composition of the liquid phase will be observed. The results will help de-
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Fig. 9 Concentration of Na, Si, Ca and Al in the
low-pH reservoir in a through-diffusion experiment.
The plots are experimental results.
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velop a chemical equilibrium model for the cement - saline water system including formation of dis-
tinctive secondary minerals.

6.2. Transport pore clogging experiment of hardened cement paste
Reactions of portlandite from cement hydrate and carbonates from groundwater form CaCO3,

which results in changes in the porosity of cementitious materials. The changes in the porosity proba-
bly cause the change in the diffusivity of ions. We have initiated a diffusion experiment of tritiated
water in hardened cement paste in order to examine the effect of the formation of secondary minerals
on the diffusivity.

The hardened cement paste was cut into disk of 30 mm <j> xlO mmt. The diffusivity of tritiated
water in hardened cement paste was determined by the through-diffusion method. The reservoirs were
filled with a 1.5 M NaC104 solution and one of the reservoirs was spiked with tritiated water. The trit-
ium concentrations in the two reservoirs were measured with time to obtain the diffusivity. Then the
solutions in the reservoirs were replaced by a 0.5 M Na2CO3 solution and the diffusivity of tritiated
water in the sample was determined in the same way. From the comparison of the two diffusivities, the
effect of the precipitation of CaCO3 on the diffusive behavior will be discussed and a porosity change
model will be developed.

7. Conclusion
The experimental and modeling study was conducted to predict alteration of bentonite buffer ma-

terials with alkaline groundwater induced by cementitious materials. The dissolution rate of mont-
morillonite, the diffusivity of hydroxide ions and the hydraulic conductivity in compacted
sand-bentonite mixtures were experimentally determined and formulated. A PHREEQC-based, cou-
pled mass-transport / chemical-reaction code (MC-BENT) was developed for predicting hydraulic
conductivity of the altered bentonite buffer. This code was able to reproduce changes in concentration
of major species in bentonite pore water and the montmorillonite contents observed in the lab-scale
bentonite alteration experiments, which is an indication of partial verification of our calculation. We
have initiated alteration experiments of hardened cement paste to develop a secondary mineral forma-
tion model, and transport pore clogging experiments to develop a porosity change model.
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10.5 Sampling and Treatment of Rock Cores and Groundwater under Reducing
Environments of Deep Underground

KatsuhiroEBASHI1, TetsujiYAMAGUCHI1, TadaoTANAKA1, KunioARAKI2, MasaoSAITOU2

'Japan Atomic Energy Research Institute, Token, Ibaraki 319-1195, Japan,
2ChuoKcahatsu Corporation, Shinjuku, Tokyo 169-8612, Japan

A method of sampling and treatment of undisturbed rock cores and groundwater under maintained
reducing environments of deep underground was developed and demonstrated in a Neogene's sandy
mudstone layer at depth of GL-100 to -200 m. Undisturbed rock cores and groundwater were
sampled and transferred into an Ar gas atmospheric glove box with minimized exposure to the
atmosphere. The reducing conditions of the sampled groundwater and rock cores were examined
in the Ar atmospheric glove box by measuring pH and Eh of the sampled groundwater and sampled
groundwater contacting with disk type rock samples, respectively.

KEYWORDS: undisturbed rock cores, in situ groundwater sampling, reducing environment, deep
underground in situ measurement ofpH and Eh

1. Background and purpose
It is necessary to provide undisturbed rock cores maintaining reducing environments deep

underground1"^ and in situ groundwater for investigation of geochemical properties such as rock-radionuclidJe
interactions and difiusivity of radionuclides for safety assessment of geological disposal. We are making an
attempt to sample undisturbed rock cores and groundwater under maintained reducing and pressurized
environments of deep underground The purpose of this work is to develop and demonstrate a combined
sampling and treatment of rock cores with minimized disturbance and to sample groundwater under reducing
environments. We sampled rock cores and groundwater from a borehole drilled into a Neogene's
sedimental layer between the depth of GL-100 and -200 m, and examined if the groundwater and the rock
core maintained the reducing environments of the sampling depth.

2. Procedure
The major geological layer in the sampling area consists of sandy mudstone and tuff as shown in Fig. 1.

The sampling procedure is shown in Fig. 2. 0

tutt

2.1 Sampling of groundwater
A borehole was drilled using surface fresh water into -50

a Neogene's sedimental layer down to GL-140 m. ^
Groundwater flew into the drilled borehole at around w

GL-130m. A casing with the outer diameter of 86 mm •§,
was inserted to the depth of GL-111 m to prevent upside -o -100
water flowing into the borehole. The inside of the
borehole was washed by injecting the surface fresh water
into the borehole at 0.9 m3/h for 15 hours to remove .150
boring water that contains slime generated during the
boring. The temperature, pH, redox potential (Eh),
electrical conductivity and the dissolved oxygen
concentration (DO) of the borehole water were measured

between GL-20 and ^ 4 0 m by using an in situ Geological profile of the sampling area
groundwater monitor, MP TROLL 9000 (In Situ Inc.). 6 ©• ^ r *e>
The borehole water was pumped out from the borehole
at 0.9 m3/h for 5 hours by using a water pump which was placed at GL-25 m, and was replaced with in situ
groundwater that flew into the drilled borehole at around GL-130 m. The in situ monitoring was performed
for this groundwater. The monitoring of the water was repeated until the fresh water was replaced with the
in situ groundwater. During the replacement, the upper surface of the borehole water was covered with Ar
gas which was introduced by a tube from an Ar cylinder through a casing cover to prevent the borehole water
from oxidation by the atmospheric oxygen.

" " " " " " ' Mim

- , y , 1 mllaSiOn?
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•1 BIPS: Borehole Image Processing System

Fig.2 Sampling procedure of groundwater and rock

The water sampling is schematically shown in Fig. 3. The water sampling pump was connected to a
packer which was installed in the borehole at GL-110 m. The groundwater was pumped up at the rate of
3.0xl0"3 m3/h for 5 hours in accordance with the groundwater inflow rate to keep the water level constant and
monitored. The pumped out groundwater was directly poured into 1 -dm3 stainless steel vessels under the Ar
atmosphere. The stainless vessels were immediately dry iced to freeze the groundwater and stored at -20°C
in a freezer. After the removal of the water sampling pump from the borehole, the water in the borehole was
monitored again in situ to confirm the replacement of the borehole water by die groundwater property. The
wall surfaces of the borehole were monitored by using Borehole Image Processing System (BIPS).
major inflow of the groundwater was identified to be between GL-129 and -130 m.

groundwater

_ Ar gas cylinder

dry iced water sample j(diyi

. / L [plastic bag for water treat-| K
water vessel ][ ment in Ar atmosphere \*—r

QQQQ
BBSS

raundwater monitoring:
H, Eh, dissolved oxygen

and electric conductivity

Fig.3 Schematic drawing of the groundwater sampling system
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2.2 Sampling of rock cores
Rock cores were sampled at the depth range between GL-140 and -170 m in deaerated water. The

deaerated water to be supplied to the boring machine was prepared by bubbling and suspending of Ar gas into
local surface water as shown in Fig. 4. The dissolved oxygen concentration in this deaearetd water was
controlled as low as 0.3 ppm. The Ar bubbles partially dissolved in the boring water are estimated to be
helpful for the uplifting flow to remove slime to the ground surface and to reduce the water supply pressure to
the diamond bit as well as the reduction of the flow rate, where the core is far prevented from water
penetration and defects formation due to loss of fine particles than the conventional core sampling system1"3"6*.

03 ppm 05 ppm 1.0 ppm 8 ppm

plication ofapplication ot pressure
with deaerated water

Ar

tentative core storage
vessel with three d i m n
sional pressure application

water source

core size adjustment
vessel fillea with
deaerated water

water g
system

deaerated water system for deaeration of ._
generation system water by Ar gas bubbling**'

Fig.4 Deaerated core sampling and treatment systems

23 Treatment of rock samples
The rock cores sampled from the depth range of GL-152 to -156 m were treated to be specimens for

sorpu'on-diflusion experiments. The treatment procedures for the rock core samples were carried out with
minimized exposure to the atmosphere. The 50 mmDx 1000 mmL rock cores were cut into 200-mm-long
cylindrical pieces in the deaerated water, and were temporarily stored in three dimensional pressurizing
vessels. The vessels were filled with deaerated water. The rock core pieces were confined in a triply laminated
oxygen shield bag and were kept under reducing and pressurized conditions in the vessels. A pressure at deep
underground, 1.5 MPa, was applied in the vessel to avoid mechanical relaxation of the rock samples.

The vessel were transported to our laboratory in Tokai and transferred into a portable glove box equipped
with an automatic horizontal cutting machine inside. The 200-mm long cylindrical rock samples were cut
into disks of thickness of 5 mm by using an automatic horizontal cutting machine with diamond blade in the
Ar gas atmospheric glove box as shown in Fig. 5. The coolant of the machine was also the deaerated water.
The disk specimens were put into a triply laminated oxygen shield bag and finally stored in the three
dimensional pressurizing vessels filled with the pressurized deaerated water. The pressure of 1.5 MPa was
applied again in the vessels during storage in our laboratory in Tokai until use.

pressure application
by deaerated water

triply laminated bag
for oxygen shielding
deaerated water

disk sample storage vessel with three
dimensional pressure application

stored samole—

1

i

1
r"

deaerated
water

Ar atmosphere

^ 3 T — d i s k samples

••*•••••• diamond blade

r — c o r e sample

tportable glove box equipped with horizontal
diamond cutting machine in Ar atmosphere

Fig.5 Preparation of disk type rock samples in portable glove box filled with Ar and
storage in a vessel under three dimensional pressure with deaerated water
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2.4 Analysis of rock and groundwater samples
The rock samples were analyzed to identify rock forming minerals, and determine specific gravity,

specific water content, porosity, cation exchange capacity, anion exchange capacity, specific surface area,
average pore size and chemical compositioa The analysis was performed according to standardized methods
as listed in Table 1. The groundwater sample was analyzed according to JIS to determine dissolved cations,
anions and dissolved organic compounds.

Table 1 Analytical method for rock and groundwater samples

Items
Rock

Groundwater

Rock forming minerals,
Specific gravity,
Specific water content

Porosity
Cation exchange capacity
Anion exchange capacity
Specific area
Average pore size
Chemical components

Chemical components
Dissolved organic compounds

Method
X-ray diffraction method(constant direction)
JIS A1202-1990

JIS A1203-1995
JISA1110
SchoUenberger photometry method

BaCl2 Method
Gas absorption
Gas absorption

Fluorescence X-rays analysis
JIS K 0101-1998, JIS K 0102-1998
JISK0102-1998

2.5 Test on degree of maintaining reducing environments for rock and groundwater
The frozen groundwater was transferred into an Ar gas atmospheric glove box and thawed at room

temperature after about 270 days of storage. The pH and Eh of the molten groundwater were measured in
the grove box in Tokai ( Po < 3X10"6 arm) and compared with the values obtained from in situ monitoring in
the borehole at the depth of GL-125 m. The rock specimens stored in the vessels under pressure of 1.5 MPa
were also transferred into the glove box and equilibrated with the thawed groundwater and equilibrated with
deionized water after degassing. The pH and Eh of the equilibrated with the thawed groundwater and
equilibrated with deionized water after degassing were measured.

3. Results and discussion
3.1 Sampling of groundwater

The dissolved oxygen and redox potential of the borehole water were monitored in situ after 2 times
replacement procedure of the borehole water by the groundwater and after the groundwater sampling are
shown in Fig. 6. The values after the groundwater sampling are within error compared with those measured
at the depth of GL-125 m, and indicate that the borehole water filled with fresh surface water was substantially
replaced with the in situ groundwater.

8.00 10.00 1200 -115

0.100 0700 0300 0.400 0.500
Dissolved oxygen conceitratian (ppm)

-SO -100 -120 -140 -160
Redox potential (mV)

• (DAfler freshwater washing
A®Afler 2nd pumping

prior to groundwater sampling

o(DAfler 1st pumping
^f3^ Afhr sampling

• ©After ftesh water washing
*(3)ASer 2nd pumping

prior to gnoundwater sampling

1st pumping
sampling

Fig.6 Concentration of dissolved oxygen in the borehole (left) and redox potential (right)
Replacement procedures of borehole water were carried out with fresh water
marked as (D and. two times with ground water marked as (2) and ®.
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32 Sampling of rock cores
The sequential procedure listed in Fig. 2 was carried out rock cores were sampled from the Neogene's

sedimental layers of sandy mudstone. The rock core samples were obtained between G H 5 2 . 5 to -156.0 and
decided that core samples were in their excellent condition by the core analysis done by professional staffs'
observation with little defects due to little loss of particles in the core samples and were decided to be obtained
with their original structure compared with the ordinary core samples obtained from Neogene's sandy
mudstone layer by the conventional core sampling method. The BIPS detected no complex fractures on the
borehole walls between GL-146 and -181m.

3.3 Treatment of rock samples
The sampled rock cores were treated with minimized exposure to the atmosphere during the treatment

consisting of cutting rock cores into 200-mm long pieces, shielding them in triply laminated oxygen shield
bags, tentative storage in pressurizing vessels with deaerated water, slicing the pieces into 5-mm thick
specimens under Ar gas atmosphere, and storage of the specimens in a storage vessel under three dimensional
pressure by deaerated water over the triply laminated oxygen shield bag.

3.4 Analysis of rock and groundwater
The results of the analysis of the rock and the groundwater were tabulated in Tables 2 and 3, respectively.

The results suggest that the groundwater sample was originated from ancient saline water and the rock
samples was agreed with that of Neogene's sea layer of sandy mudstone and tufflayer.

Table 2 Analytical results of the rock Table 3 Analytical results of the groundwater
Item

major rock forming mineral

specific gravity
specific water content

porosity
cation exchange capacity
anion exchange capacity
specific area
average pore size
chemical composition

Results
Quartz +++
Feldspars ++
Smectite +
Chlorite +
KaoKnite +
Biotite +
2.67

15.1 wt%

29.0 vol%
0242 mmol/kg
0.052 mmol/kg
2.0xl04 m2/kg
11.5 nm
SiQz; 52wt%
AfeQj: 20.0 wr%
FeO; 11.0wt%
K2O; 8.0 wt%
others; 9.0 wt%

Dissolved cations

Dissolved anions

Dissolved organic
mytftcr

Na+; 73.9 mmol/dm3

Ca2*; 53mmol/dm3

NH4+; 3.6 mmol/dm3

Mg24"; 1.6mmo]/dm3

lC; 0.8 mmol/dm3

CF; 1213 mmol/dm3

HCOj"; 1.6 mmol/dm3

C as organic
compounds; 1.4mg/kg

N as organic
compounds; 0.1 mg/kg

3.5 Degree of maintaining reducing environments for rock and groundwater
The pH and Eh values were measured on the groundwater sample, groundwater contacting sampled rock

core samples and also the distilled water after degassing contacted with rock after 270 days storage from the
sampling procedure and additional 34 days exposure in an Ar gas atmospheric glove box to be tested on the
degree of maintaining reducing environments for the rock and groundwater samples.

As shown in Fig. 7, almost of all pH value and the Eh value of the water samples in the beginning of the
exposure were observed to be 9.1 and +60 mV vs. NHE respectively in the Ar gas atmospheric glove box and
changed into 7.4 and 70 mV vs. NHE respectively after 34 days. The observed pH values were a little basic
to be 9.1 than that of the in situ groundwater to be 8.1 and changed into 7.4 after 34 days exposure to the Ar
gas atmosphere. The observed Eh values of between 60 to 70 mV vs. NHE in the treatment process were
higher than the value obtained in the borehole to be between -105 and -108 mV, however, the observed values
after the 270 days storage and additional 34 days exposure to the Ar gas atmosphere are much lower than
typical Eh values of aerated water from 400 to 500 mV

Although the sampling and treatment of rock cores and groundwater under maintained reducing
environments of deep underground reported worked reasonably well in this paper, the experience of this
investigation revealed problems of the method to be improved:
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• Concentration of the dissolved oxygen in the deaerated boring water should be below 0.2 ppm.
• The deaerated boring water is desirably prepared from groundwater taken from similar geological
formations.

• The groundwater should be sampled preserving the in situ hydraulic pressure to analyze dissolved gases.
• The treatment of core in a glove box is desirably performed with the deaerated water prepared from in situ
groundwater, because of the chlorine in the hydrant water.

300

-300

Fig.7 Measured pH and Eh
O sampled groundwater
A sampled groundwater with rock sample
D deionized& degassed water with rock sample
• in situ borehole water

4. Conclusion
A method of sampling and treatment of rock cores and groundwater under maintained reducing

environments of deep underground was developed and demonstrated at a Neogene's sandy mudstone and tuff
layer at depth between GL-100 and -200 m. Rock cores were sampled and treated, where an exposure of the
samples to the atmosphere was minimized. The groundwater was sampled after the boring water was
replaced with the groundwater. The replacement was confirmed through in situ measurements of the redox
potential and dissolved oxygen concentratioa

The pH and Eh of the groundwater sample and groundwater contacted with the rock samples were
measured after transferring them into an Ar gas atmospheric glove box in our laboratory. Although the Eh ,
value was higher than the value obtained in the borehole, the observed Eh was much lower than typical Eh
values of aerated water, 400 to 500 mV. This result indicates the reducing environment was maintained.
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10.6 Use of Simplified Models in the Performance Assessment of a High-Level
Waste Repository System in Japan
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This paper explores simplifications to the HI2 performance assessment model to
enhance performance in Monte Carlo analyses. It is shown that similar reference
case results to those of the HI2 model can be derived by describing the buffer
material surrounding a waste package as a planar body. Other possible
simplifications to the performance assessment model in areas related to the
stratification of the host rock transmissivity domain and solubility constraints in the
buffer material are explored.

Keywords: high-level waste management, performance assessment, H12 model,
buffer material

1. Introduction

A generic performance assessment model to study the feasibility of a deep disposal system of
high-level waste in Japan was published in the H12 Report.1* This report concluded that such a
repository was feasible without compromising public safety. In this paper, an independent
performance assessment model is discussed, and results assuming HI2 model parameters are
compared to the reference case results in the H12 Report. Simplifications to the H12 performance
assessment model are investigated (in areas related to buffer material geometry, number of pathways
in the one-dimensional multi-pathway model for the host rock, and solubility constraints in buffer
material) to enhance model efficiency for future Monte Carlo analyses. Because a performance
assessment model is a tool to inform decisions, it should be clear and transparent and should only
incorporate complexity commensurate with the amount of available information and model purpose.

2. Model Description

Our performance assessment model was implemented in GoldSim Version 8.02.2) Other
authors3)>4) have used GoldSim to construct performance assessment models based on the HI2 model
description and derived results consistent with those in the HI2 Report. Nasif et al.5) proposed an
alternative solution, based on wavelet expansions, to the H12 Report contaminant transport equations
and derived similar results. These authors provided ah independent verification of the numerical
algorithms without considering an alternative mathematical representation of the repository system.
The buffer material around waste packages is an important barrier to radionuclide transport. The
current selection for buffer material is bentonite, which swells when saturated with water and,
therefore, can become an effective seal around the waste. Should waste containers fail, the buffer
material will retard the release of radionuclides into the geosphere. Wakasugi4) implemented a two-
dimensional transport model in GoldSim to assess radionuclide retardation in the buffer material and
the excavated disturbed zone (EDZ) around the buffer material. Similar to the H12 model,
Wakasugi's models3)>4) accounted for the cylindrical geometry of the buffer material. In the GoldSim
model in this paper, a planar geometry (described using one-dimensional Cartesian coordinates) for
the buffer material, referred to as IHI-CNWRA model, was adopted. It is demonstrated that release
rates from the buffer material computed using the simplified planar geometry are consistent with

' Corresponding author, Fax: (210) 522-6081, E-mail: opensado@swri.org

- 2 4 8 -



JAERI-Conf 2005-007

reference case results in the H12 Report. The planar model is represented in Figure 1. Both the H12
model and the IHI-CNWRA model considered the same volume of glass per waste package (0.15 m3)
and the same volume of buffer material (7.15 m3). The HI 2 model conservatively assumed a constant
exposed waste form surface (17 m2) and an identical assumption was employed in the IHI-CNWRA
model. The length of the diffusive radial pathway in the H12 model was 0.7 m; thus, the IHI-
CNWRA model considered a slab of buffer material 0.7 m thick.

H12 model
cylindrical geometry

IHI-CNWRA model
planar geometry

Figure 1. Cylindrical geometry (HI2 model) and planar geometry (IHI-CNWRA model) adopted to
describe the buffer material.

The H12 model ignored radionuclide retardation in the EDZ, but accounted for contaminant
transport in the geosphere. The geosphere pathway model was composed of a host rock pathway and a
major water conducting fault (MWCF) pathway. A one-dimensional multi-pathway model was
implemented in the HI2 description to account for spatial variability in the transmissivity of the host
rock. The IHI-CNWRA model for contaminant transport in the geosphere is similar. The only
difference is sparser discretization of the transmissivity domain than in the H12 model. A sufficient
discretization extent leading to appropriate dose estimates is proposed in this study.

The H12 one-dimensional multi-pathway model for radionuclide transport in the host rock
originally considered multiple parallel pathways, each pathway associated with a particular
transmissivity value (value used to represent a narrow range within the transmissivity domain). The
total radionuclide release rate from the multiple pathways was computed in the HI2 model as a
weighted average of individual pathway releases with weights equal to the probability of the
transmissivity interval represented by each pathway. The HI2 model stratified the transmissivity
domain into few tens of segments to derive estimates of radionuclide releases from the host-rock into
the major water conducting fault. In this study we conclude that coarser stratification of the
transmissivity domain is sufficient (15 contiguous ranges suffice) to derive estimates of radionuclide
release rates into the major water conducting fault.

The IHI-CNWRA model for contaminant transport in the MWCF is similar to the H12 model.
The IHI-CNWRA model lacks a biosphere model. Instead, constant release rate to dose conversion
values from the H12 Report, corresponding to the farmer receptor group, were used to estimate doses.

3. Results

Figure 2 compares the release rates and doses of particular radionuclides derived with the
IHI-CNWRA model (continuous line) and the HI2 model (dotted lines). Figure 2 (A) displays
radionuclide release rates from the buffer material into the host rock per waste package. The release
rates from the two models are practically identical with differences attributable to numerical error.
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The 79Se release rates differ because of the different half-lives used in the analyses.* It is concluded
that describing the buffer material as a planar body yields results consistent with those derived with
the consideration of a cylindrical geometry. Figure 2 (B) and (C) show release rates leaving the host
rock and the MWCF per waste package. Results from the IHI-CNWRA are consistent with those in
the HI2 Report, with differences in 79Se also due to the different half-lives in the analyses. The
similarity in the doses in Figure 2 (D) is a result of the comparable MWCF release rates and the use of
dose conversion factors from the H12 Report. It is important to note that the longer 79Se half-life
considered in this paper must be associated with a different dose conversion factor. Updated
derivations of 79Se dose conversion factors are needed to refine dose estimates. Figure 2 indicates that
the main attributes of the HI 2 model were captured by the IHI-CNWRA model. It is concluded that it
is reasonable to approximate the buffer material as a planar body.
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Figure 2. Radionuclide release rates per waste package at various points in the system: (A) away
from the buffer material, (B) away from the host rock, (C) away from the MWCF into the biosphere.
(D) Doses to the farmer receptor group from 40,000 failed waste packages.

In this paper a sufficient discretization extent of the transmissivity domain to account for spatial
variability in the host rock was also investigated. Figure 3 (A) shows the effect of transmissivity
stratification on host rock release rate estimates. A 10-range stratification of the transmissivity
domain is too sparse and causes the associated release rate curve to "jiggle." A slightly finer
stratification (13 partitions and above) is sufficient to produce smooth release rate curves. Figure 3

' The H12 Report employed an older estimate of the 79Se half-life equal to 6.5* 104 yr. Recent estimates indicate
a value of l.lxlO6 yr.6) The H12 Report refers to studies by Ishihara et al7) to support the conclusion that a longer
79Se half-life does not have a significant effect on the maximum 79Se dose in the H12 reference case.

- 2 5 0 -



JAERI-Conf 2005-007

(A) shows that 15- and 20-pathway systems yield similar host rock releases. Since the 15-range
stratification is slightly conservative, it is considered that splitting the transmissivity domain into 15
ranges is sufficient for a performance assessment model. Host rock release rates reported in Figure 2
(B) are based on a 20-pathway host rock system.

The dose in Figure 2 (D) is dominated by 135Cs, which is assumed to have infinite solubility. A
natural question is whether disregarding solubility constraints on other radionuclides in the buffer
material would change the conclusion of 135Cs dominancy to the dose. If the conclusion remains,
inclusion of solubility constraints in the buffer material in a performance assessment model may not
be necessary. The H12 Report established that solubility constraints and shared solubility with
isotopes are relevant to control radionuclide release rates from the buffer material into the host rock.
Figure 3 (B) summarizes the effect of disregarding solubility constraints into dose estimates. The no-
solubility line shows much higher early doses due to enhanced 79Se releases from the buffer material.
The later "bump" at the end of the simulation period on the no-solubility curve is due to enhanced
229Th release rates away from the buffer material. Therefore, disregarding solubility causes higher
dose estimates dominated by other radionuclides than 13SCs, and it is not recommended to further
simplify a performance assessment model. In general, performance assessment models should account
for and propagate solubility uncertainty into dose estimates; for example, as done by Wakasugi et al.3)

(A)
Host Rock Release Rate per Waste Package

(B)
Farmer Doses per Waste Package
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0.1

1000 10000 100000
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1.E-15

10000 10000000100000 T i m e y r 1000000

Figure 3. (A) Host rock release rates per waste package as a function of the transmissivity domain
stratification. (B) Doses to farmer receptor group under three cases: reference case, no solubility
constraints in the buffer material, and zero concentration boundary condition at the end of the buffer
material.

Figure 3 (B) includes a comparison to doses estimated by assuming a zero radionuclide concentration
at the end of the buffer material (interface in contact with the host rock). Under such assumption,
concentration gradients in the buffer material and radibnuclide release rates are maximized. The zero
concentration boundary condition case provides upper bounds to possible radionuclide release rates
from the buffer material and to doses associated with alternative boundary condition selections.
Figure 3 (B) indicates that the boundary condition assigned at the end of the buffer material could be
important to dose estimates. As previously stated, updated derivations of 79Se dose conversion factors
are needed to refine dose estimates accounting for a longer 79Se half-life.

4. Conclusions

An independent performance assessment model that produces consistent results with the reference
case of the HI 2 Report was developed, if similar assumptions and same model parameters are adopted.
Simplifications to the performance assessment model were investigated to enhance model
performance. It was concluded that H12 Report results obtained by describing the buffer material as a
cylindrical body can also be derived by assuming a planar geometry. Also, reasonable results can be
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derived with a sparse stratification of the host rock transmissivity domain (to account for spatial
variability according to the H12 model) in a performance assessment model. Slightly conservative
host rock releases can be computed by stratifying the transmissivity domain into less than 20 ranges.
It is not recommended to ignore buffer material solubility constraints in a performance assessment
model, as doing so causes radionuclides other than 135Cs to dominate dose estimates (e.g., 79Se and
22*Th).
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10.7 Anisotropy and Effect of Salinity in Diffusion and Activation Energies of
Cations and Anions in Compacted Bentonite

Haruo SATO '*
1 Japan Nuclear Cycle Development Institute, 4-33 Muramatsu, Tokai-mura, Ibaraki 319-1194, Japan

The diffusion experiments for r and Cs+ in the parallel and perpendicular directions to the
orientated direction of smectite particles were performed as a function of smectite's dry
density, salinity and temperature. The anisotropies and the effect of salinity in the apparent
diffusivities (£>a) and activation energies (AEa) for both ions were additionally discussed. The
A,-values for both ions showed a tendency to be higher in the parallel direction than in the
perpendicular direction. The Da-values of V in the parallel direction decreased with increasing
salinity at low-dry density, but those of Cs+ increased with increasing salinity for all
conditions. Based on this, it is interpreted that r mainly diffuses in interstitial pores and that
Cs+ diffuses in interlayer and interstitial pores. The Ai^-values for r , similar levels to that for
the diffusivity in free water (D°) at low-dry density, increased with increasing dry density. The
A£a-values for Cs+, higher than that for & even at low-dry density, increased with increasing
dry density. Such high AEa-values for Cs+ are considered to be due to the effects of ion
exchange enthalpy (AH°) between Cs+ and Na+ and the decrease in the activity of porewater.

KEYWORDS: radioactive waste, bentonite, diffusion, iodine, cesium, activation energy

1. Introduction

In the safety assessment of the geological disposal for high-level radioactive waste in Japan, a role as a
barrier function of the bentonite buffer composing the multi-barrier system is important, and therefore a lot of
related studies have been reported so far1>2). Particularly, since the diffusion properties of radionuclides leached
from vitrified wastes in compacted bentonite directly affect the release of radionuclides from the compacted
bentonite to the geosphere, it is regarded as one of the important characteristics in the safety assessment

It is familiar from conventional studies that the retardation of radionuclides in the diffusion process in
compacted bentonite is affected by various properties such as porosity, dry density 1>>6), sorption, exchangeable
cations in the interlayer of smectite 7), porewater chemistry * % additives (e.g., silica sand) 10), initial bentonite
grain size 10>U), temperature5>7>12), etc. The authors have reported in recent studies that clay particles orientate in
the perpendicular direction to the compacted direction of bentonite for a bentonite with high-smectite content
16"18' and that both diffusivities of tritium (HTO) and deuterium (HDO) are different between parallel and
perpendicular directions to the orientated direction of clay particles l9). That is to say, anisotropy in diffusive
pathway was found. It has also been reported that the basal spacing of smectite changes depending on salinity 7).

In terms of AEa for diffusion, AEa-values for the Z)a-values of HTO, Na+, Cs+, Sr21" and Cl" in compacted
Na-montmorillonite which is a major constituent of bentonite have been reported so far 7> I2"15), and those
diffusion mechanisms have been discussed based on the dependencies of the A£a-values on dry density.
Particularly, for Na+, the effects of silica sand mixture and salinity on AEa also have been studied, and it has been
reported that the basal spacing of montmorillonite decreases with increasing salinity 7), and that the A£a-values
for Na+ and the basal spacing of montmorillonite are different even though at the same montmorillonite partial
density for a bentonite with silica sand7> 15). The authors have measured in previous study 19) Afia-values for the
effective diffusivities (£>e) of HTO in compacted smectite, of which smectite particles orientated, having
indicated a possibility that the nature of porewater near solid-liquid interface differs from free water because the
AEa-values increased with increasing dry density and were slightly higher than A£a of the If for HDO.

In this study, the anisotropies and the effect of salinity in the Da- and A£a-values for V and Cs+ in compacted
Na-smectite were studied.

2. Experimental

2.1 Purification of Bentonite

In this study, Na-smectite, of which exchangeable cations in the interlayer of smectite were exchanged with

Corresponding author, Tel. +81-29-287-3247, Fax. +81-29-282-9328, E-mail: sato@tokai.jnc.go.jp
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Na+, was used. A Na-bentonite, Kunipia-F®, of which smectite content is over 99 wL% (provided from
Kunimine Industries Co. Ltd.), was furthermore ion-exchanged with Na+.

The bentonite powder was contacted 1 M-NaCl at a solid-liquid ratio of 100 g/1 for a week and the
bentonite was separated from the suspension. The bentonite was again contacted a fresh 1 M-NaCl solution at
the same solid-liquid ratio for a week, and these immersion and separation were repeated totally 3 times. At the
end of the third immersion, the solid-liquid separation was made by centrifugation at 3,000 rpm. The separated
bentonite was washed 3 times with 80 % ethyl alcohol and dried in air. The treated bentonite was dispersed in
distilled water and then bentonite particles with < 0.5 |im in diameter were collected by sedimentation method.

2.2 Diffusion Experiments

The diffusion experiments were carried out by in-diffusion (one-side back-to-back) method 8>20). Figure 1
shows the experimental procedure of the diffusion experiments and Table 1 shows the diffusion-experimental
conditions. The ion-exchanged smectite dried at 383 K was filled into a stainless steel sample holder for
compaction so as to obtain desired dry densities and was compacted After the compaction, the smectite block
was transferred to an acrylic sample holder. The diffusion experiments in the perpendicular direction to the
orientated direction of smectite particles were performed without changing the sample direction after being
compacted. On the contrary, the diffusion experiments in the parallel direction to the orientated direction of
smectite particles were performed rotated the smectite block by 90° in angle after being compacted (see Fig. 1).

Table 1 Diffusion-experimental conditions.

Item Method / Condition
Bentonite
Dry density
Diffusion direction
Saturated solution
Tracer solution
Tracer quantity
Temperature
Atmosphere
Diffusion period
Recovery of tracer

Na-smectite (Kunipia-F exchanged interlayer cations with Na4)
0.9 - 1.4 Mg/m3 (cubical block of 15 mm)
Parallel / Perpendicular directions to the orientated direction of smectite particles
NaCl ([NaCl] = 0.01,0.51 M)
CsI([CsI] = 1.5E-2M)
50 uVsample
295 - 333 K (5 temperatures)
Aerobic condition
6 h - l l d
Desorption by KC1 ([KC1] = 0.5 - 1 M)

ft.-M.miu- Mock Compacted direction
(13x13x13mm)

M

Diffusion column

Sample holder
for cnntpiit'tiou

Plinth

Sample holder for compaction Punching tool (stainless stwl)
(stainless steel)

Diffusion direction
Diffusion direction I . O m l p , u . , r l , , | i t w l i ( ) n

Companion
Piston

Botlv

The smectite in the sample
holder was then saturated with
distilled water for a month in a
vacuum chamber to accelerate the
saturation and to remove air
bubbles. After the saturation, the
smectite sample was furthermore
contacted a 0.01 or a 0.51 M-NaCl
solution for about 54 to 150 d.

After the saturation by NaCl,
a small amount of tracer solution
(50 ul) was uniformly pipetted on
the surface of one end of each
smectite sample and allowed to
diffuse at temperatures of 295 to
333 K for 6 h to 11 d. After the
respective diffusion periods, each
smectite sample was pushed out from the sample holder and cut with a knife into 1 mm-pitched slices. Each
slice was immediately weighed and immersed in a 20 ml KC1 solution of 0.5 or 1 M for 2 to 35 d to recover both
ions from the slice. After being filtered through 0.2 urn membrane filters for solid-liquid separation, the
concentrations of Cs and I were analyzed with a High Resolution ICP-MS (Plasma Trace 2, Micromass, UK)
and an ICP-AES (ICPS-7000, Shimadzu, Japan), respectively.

In parallel with the diffusion experiments, blank diffusion experiments which no tracer was added were

Enlargement of sample holder

Fig. 1 Punching tool for filling smectite powder and diffusion column.
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also contacted so as to obtain the background concentrations of both ions in the compacted, smectite.

2.3 Determinations of Da and AEa

The Da-values were determined based on Fick's second law21). The diffusion equation for one-dimensional
non-steady state in a sample of infinite length is generally expressed by the following equations if Da is constant
independent of distance and tracer concentrations;

dC_

dt dX 8X

82C -\£.
8X2 (1)

where C is the concentration of the tracer in unit smectite volume, t the diffusing time, Xthe distance from the
tracer source, A the apparent diffusivity, A the effective diffusivity, and a the rock capacity factor.

The A-values were determined by the analytical solution of the diffusion equation for one-dimensional
non-steady state shown above. Since soluble tracers were used in this study, the analytical solution for a planar
source consisting of a limited amount of substance in a sample of infinite length is derived as below for one-side
diffusion21);

M

nDj
exp -

ADJ
(2)

where A/is the total amount of diffusing substance per unit area.
The A£a-values were determined from the "Arrhenius plot" as shown below n\

dT RT2

where Tis the absolute temperature, R the gas constant (8.314 kJ/mol), and A£"a the activation energy.

(3)

3. Results and Discussion

3.1 Da for F Ions
1.0E-08

1 .OE-09

I.0E-I0

Figure 2 shows a dependency of the A-values for F in
compacted smectite on dry density at 295 K together with the
A-values for F in Kunipia-F® (distilled water system: DW) ])

and CT in Na-montmorillonite (DW)7'I4). Comparing with the
A-data for F and CF reported in the past, similar A-values
were obtained at low-dry density, but A-values reported in the
past tend to be higher than those obtained in this study at
high-dry density. This reason might be due to that bentonite
used in previous study was not pretreated such as purification.

The A-values for F decreased with increasing dry
density, similarly to the trends reported so far1>7> 14>, and tended
to be higher in the parallel direction than in the perpendicular
direction to the orientated direction of smectite particles over
the dry density and salinity. The A-values wholly increased
with increasing salinity, but those in the parallel direction
tended to reciprocally decrease with increasing salinity only at
low-dry density. Similar trend was found over the temperature.

The interlayer aperture of smectite depends on dry
density, and is quite narrow to be 2 or 3 water layers. For this,
anions such as F are generally regarded to be significantly
restricted to diffuse in compacted bentonite by ion exclusion
B). The interlayer aperture of smectite decreases with increasing dry density and salinity 7), and additionally
interstitial pore aperture and electrostatic effects from smectite and edge surfaces strongly depend on the
interlayer aperture. Assuming that F diffuses in both interlayer and interstitial pores, tortuosity increases with
increasing dry density, but it should not significantly depend on salinity 24>25l However, the A-values of F
obtained in this study clearly depend on salinity. Particularly, only the A-values in the parallel direction at

1.0E-11

OPerpendicular/[NaC]0.01M
m Perpendicular/[NaCl]0.51M
• Parallel/[NaCI]0.01M
HParallel/[NaCl]0.51M
0Peipendicular/DW/Satoetal. 1992
ACl:Perpendicular/DW/Kozaki etal. 1998

Ifi
B0A

>

0.0 0.5 1.0 1.5
Dry density /Mg/m

2.0

Fig. 2 Dependency of A-values for F in
compacted smectite on dry density at 295 K
together with A-data reported so far1>7> 14).
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1.0E-09

l.OE-10

l.OE-11

O Pcrpcndicular/[NaC]O.0IM
g Perpendicular/[NaCI]0.5IM
DParallel/[NaCI]0.01M
• Parallel/[NaCI]0.51M
^Perpendicular/DW/Satoetal. 1992
^Perpendicular/DW/Kozaki 1999

low-dry density decreased with increasing salinity. Therefore, the trends of the A-values for F on salinity can
not be well explained considering that F diffuses in interlayer
and interstitial pores.

However, assuming that F mainly diffuses in interstitial
pores, tortuosity for diffusion in the parallel direction depends
on both dry density and salinity. This is because smectite
sheets and aggregates coagulate by the decrease in
electrostatic repulsion with increasing salinity, and in this case,
part of the interstitial pores changes into interlayer by
coagulation. Considering that F can scarcely or not diffuse in
interlayer, F can not help taking a roundabout route. Thus, the
tortuosity for the diffusion of F in the parallel direction is Q

interpreted to have increased with increasing salinity.

3.2 Dn for Cs+ Ions 1 0 E - ' 2

Figure 3 shows a dependency of the £>a-values for Cs+ in
compacted smectite on dry density at 295 K together with the
Z)a-values of Cs+ in Kunipia-F® (distilled water system: DW) 1}

and Na-montmorillonite (DW) ^ reported so far. Comparing
with Z)a-data reported in the past, similar Devalues were
obtained at similar condition. The -Devalues of Cs+ decreased
with increasing dry density and increased with increasing
salinity. Similar trend was found over the temperature. The
Devalues also showed a tendency to be higher in the parallel
direction than in the perpendicular direction to the orientated
direction of smectite particles.

Since Cs+ sorbs onto smectite by ion exchange with Na+3), Cs+ can difiuse in the interlayer of smectite.
Therefore, it can be said that Cs+ can diffuse in both interlayer and interstitial pores. In this case, tortuosity
increases with increasing dry density, but it should not significantly depend on salinity. Considering electrostatic
effects from smectite and edge surfaces and the sorption mechanism of Cs+, the trends of the Z)a-values for Cs+

on dry density and salinity can be interpreted to be the complex result of the change in tortuosity with changing
dry density and the change in sorption by competing with Na+ with changing salinity.

l.OE-13

o.o 0.5 1.0 1.5 2.0

Dry density /Mg/m3

Fig. 3 Dependency of A-values for Cs+ in
compacted smectite on dry density at 295 K
together with Da-data reported so far ^7).

3.3 AEa for T Ions

Figure 4 shows a dependency of the A£a-values for F in
compacted smectite on dry density together with the
AEa-values of Cl in Na-montmorillonite7' . The AEa-values
of F, similar levels (AEa = 15.1-16.1 kJ/mol) to the D° for F at
low-dry density, increased with increasing dry density.
Considering that F mainly diffuses in interstitial pores, it is
supported that the AEa-values of F at low-dry density are
similar levels to that of the D° for F. While, interstitial pore
aperture and the degree of electrostatic effects from the surface
of smectite aggregates and edge surface depend on dry density
and salinity. Therefore, a cause that the AEa-values of I
increased with increasing dry density might be because
electrostatic effect from the surface of smectite aggregates
correlatively increased by the decrease in interstitial pore
aperture with increasing dry density.

3.4 AEa for Cs+ Ions
reported so far7>14).

Figure 5 shows a dependency of the A£a-values for Cs
in compacted smectite on dry density together with the AEa-values of Cs+ in Na-montmorillonite 7> 12). The
AEa-values of Cs+, clearly higher (AEa = 25.7-28.6 kJ/mol) than that of the Ef for Cs+ even at low-dry density,
increased with increasing dry density. Considering that Cs+ diffuses in both interlayer and interstitial pores and
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that interlayer aperture, interstitial pore aperture and electrostatic effect from smectite surface depend on dry
density and salinity, the effect when Cs+ diffused in the interlayer of smectite is considered to have strongly
contributed to the AE^-values of Cs+. Where, the AEa-values of Cs+ obtained in this study also include enthalpy
for sorption onto smectite. Considering that Cs+ sorbs onto smectite by ion exchange with Na+ in the interlayer of
smectite, the A£a-values include both Aff between Cs+ and Na+ in the interlayer of smectite and A£a for the
diffusion of Cs+ in the interlayer of smectite.

Assuming that the AEa for the diffusion of Cs+ in the
porewater is equivalent to Ai?a of the D° for Cs+, the
relationship between Ai?a and Aff for Cs+ in smectite can be
approximately expressed as follows;
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Fig. 5 Dependency of AZsa-values for Cs+ in
compacted smectite on dry density together
with A£a-data of Cs+ in Na-montmorillonite
reported so far 7> 12\

(4)

where AEP is the activation energy for D° and Aff the ion
exchange enthalpy.

The Aff between Cs+ and Na+ in a Na-smectite
(Chambers montmorillonite) has been reported to be about
-11 kJ/mol26>, and therefore the A£"a for the Z>a of Cs+ in the
smectite is estimated to be about 27.5 kJ/mol based on Eq. (4).
This is quite consistent with AZvvalues at low-dry density as
shown in Fig. 5. This indicates that such high AEa-values at
low-dry density are due to the effect of Aff. On the contrary,
A£a-values at high-dry density are clearly high even if Aff
was considered.

Since both interlayer aperture and interstitial pore
aperture and liquid-solid ratio decrease with increasing dry
density, correlatively the thermodynamic properties of the
porewater such as activity are also considered to change, because some studies have been reported that the
activity of water near the surface of montmorillonite is lower than that of free water 27). Considering that the
interlayer aperture of smectite is a mixture of 2 and 3 water layers, the effect of the change in the nature of
porewater is considered to be important. Therefore, such high Aivvalues at high-dry density are considered to
be due to the effect of the decrease in the activity of porewater in addition to the effect of Aff.

4. Conclusions

The A-values of F and Cs+ in the parallel and perpendicular directions to the orientated direction of
smectite particles were obtained as a function of smectite's dry density, salinity and temperature. Considering the
effects of dry density, salinity and diffusion direction on the Da- and A£a-values for both ions, interlayer aperture,
interstitial pore aperture and electrostatic effects from the surface of smectite aggregates and edge surface, F is
interpreted to mainly diffuse in interstitial pores, and the Devalues are considered to have changed by the
changes in tortuosity and electrostatic field with changing dry density and salinity. The A/vvalues of F are
considered to have changed by the changes in interstitial pore aperture and electrostatic effects from the surface
of smectite aggregates and edge surface with changing dry density and salinity.

On the contrary, Cs+ can diffuse in both interlayer and interstitial pores, and the Z)a-values are considered to
have changed by the change in tortuosity with changing dry density and the change in sorption with changing
salinity (competition with Na4). The AZvvalues of Cs+ are considered to be mainly due to the effect of the Aff
between Cs+ and Na+ in smectite at low-dry density, and due to the decrease in the activity of porewater in
addition to the effect of the Aff at high-dry density.
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10.8 Natural analogue of nuclear waste glass in a geologic formation
- Study on long-term behavior of volcanic glass shards

collected from drill cores -

Hideki YOSHIKAWA1*, Katsuhito FUTAKUCHI2, Minenari HIROKI2and Mikazu YUI1

'Tokai Works, Japan Nuclear Cycle DevelopmentfJNC), Tokai-mura, Ibaraki 319-1194, Japan
2Dia Consultants Geoengineering Development, Saitama-shi, Saitama 331-8638, Japan

Alteration of the volcanic glass in geologic formation was investigated as one of the natural
analog for a glass of high-level nuclear waste in geological disposal. We analyzed some
volcanic glasses included in the core sample of the bore hole and estimated the history of its
burying and observed its alteration using the polarizing microscope. Some information at the
piling up temperature and the piling up time was collected.

KEYWORDS: natural analogue, HLW, glass, waste, volcanic glass, alteration

1. Introduction

We have surveyed of alteration of volcanic glass under diagenesis in a deep geological environment
which is similar to high level radioactive wastes disposal conditioa Past research on burial diagenesis of
glassy rocks (tuffs) in Japan has investigated from a number of perspectives on the formation conditions
of authigenic minerals in boreholes drilled for petroleum exploration. In our survey on the alteration of
volcanic glass, we examined the temperature, burial time, and composition of groundwater in relation to
previous results on burial diagenesis in oil field areas.

In research on authigenic minerals based on a core sample from a deep boring in Japan, Iijima and
Utada (1971)!) studied the zeolitization of glass, and proposed that some of the stages in zeolitization due
to diagenesis based on information of observed minerarls. They indicated that there is a relationship
between the burial depth, that is effectively the ground temperature, and the various processes that bring
about the alteration with regard to the alteration sequence from zeolites to feldspar in felsic glass. Iijima
(1978)2) proposed that zeolitization for the diagenesis of glass proceeds in the pH rage from 8 to 10. The
following identified for this process, although there is variation among the results, for example in the
temperatures at which the conversion bands appear.

non-alteration glass - clinoptilolite - mordenite - analcime - albite

Sasaki (1990)3) found from research on drilling data from the principal oil field of Japan, Hokkaido,
Akita and Niigata that the pore-water composition is similar to that of sea water and discussed
zeolitization in sedimentary formation in terms of the effective heating time concidering of the
relationship of temperature over time in the zeolitization of glass. In the calculation of effective heating
time in our research, we examine the microfossil stratigraphy, which shows the geological age at the
maximum depth of each zeolitization band, to estimate the rate of deposition in each borehole. The
geological ages at the upper limiting depths of the zeolitization bands differ greatly among boreholes, and
ages of climoptiloHte bands vary from 0.5 to 8.5 Ma, ages of analcime bands from 1.4 to 12.6 Ma, and
ages of albite bands from 2.1 to 13.3 Ma, Therefore, the following assumptions are made to re-estimate
the temperature history in each borehole.

• The heat flow in the Earth's Crust has been nearly constant since the Miocene.
• The temperature at the ocean bottom is 2°C since nearly all the sediment layers are from the bathyal
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• The temperature at the start of burial is about 22°C at a burial depth of 300 m.
• The time elapsed until each zeolite band reaches to the maximum temperature area, which is between

(W°C-15°C) and t ^ C , is defined as the effective heating time.
Based on the above assumptions, the

alteration curves for the alteration to zeolite are
obtained from the temperature and geological
age at the upper limit of each alteration zone
with effective heating time and temperature as
parameters (Fig. 1). This figure shows that the
conversion from glass to clinoptilolite occurs at
60 °C during 0.5 million years as an effective
heating time or at 50 °C over 5 million years.
The corresponding results for analcime are
105 °C with an effective heating time of 0.5
Ma or 62 °C over 5 Ma. As indicated above,
these curves are believed to be important in
predicting alteration in the zeolitization of glass.
We used deep drill cores from southern Kanto
to survey samples with relatively high
temperature histories. The survey examined
glass alteration conditions such as temperature
history and water chemistry information.

Fig.l Diagram of temperature-effective
heating time for each zeolite zone2. Experiments and Results

2.1 Sampling Locations

Samples were taken from a drill hole with
an opening at 61.6 m elevation and a depth of
2,045.0 m drilled in Yokohama City,
Kanagawa Prefecture, Japan (the Yokohama
Hole) (Fig. 2). The so-called Kanto Loam
group is deposited near the surface of this
hilly area, but the mid-Pleistocene Sagami
group is exposed in the canyons. Between a
depth of 10 and 1370 m lies the
Pleistocene-Miocene Kazusa group. The
Miocene - Pliocene Miura group lies the level
of 1370 m below the surfece. Both the
Kazusa group and the Miura group are
marine deposit layers. The temperature at the
bottom of the hole is about 70 °C. There is a
drill hole at a depth of 1,500 m drilled for hot
spring .development at about 2 km from this
Yokohama Hole. The composition of the
groundwater in the hole was assumed to be representative of the groundwater in this area

1 Ian

Fig2 Sampling location
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2.2 Analytical Method and Results

Chemical analysis of the pore-water in the sample was carried out by the dilution method. Samples
from the drill hole were ground to a size of 1.0 mm or less with a stainless steel mortar and pestle; 100 mg
of the sample was soaked in 100 ml of distilled water for 1 hour in a polyethylene container after which
the pore-water was extracted. The extracted pore-water was then filtered through a 0.45 micro filter and
chemically analyzed. The analysis results are shown in Table 1, as compared with deep groundwater
analysis data from the nearby area. It was found that the groundwater that would affect alteration in the
drill core at a depth of 2,000 m is of NaCl-type. In addition, it is characterized by a high boron
concentration (the ratio with respect to Cl ions is different from that of present sea water, but its relation to
fossil sea water and its volcanic properties are unclear).

Table 1 Analytical results for deep groundwater and pore-water of the drilling core

^ ^ - ^ ^ ^ ^ sample

composition ^ ^ ^ - ^ ^

PH
Eh(mV)

EC(mS/m)

Na+(mg/L)
K+(mg/L)
Ca2+(mg/L)
Mg2+(mg/L)
total cations (meq/L)

HCO3"(mg/L)

S(V(mg/L)
Cr(mg/L)
total anions (meq/L)

I2(mg/L)
Br(mg/L)

SiCh (mg/L)

HjBCMmg/L)
TOC(mg/L)

5D(%o)

S18O(%o)

Groundwater
(Yokohama hot spring)

GL -1500 m

7.8
—

1460.0

2820
64
160
35

135.16
310
<1

4900
143.30

<1
18
76
120
7

-52

-32.1

Pore-water
(core sample)

GL-2000.12~2000.18m
—

—
—

5.5
1.8
5.3
0.7
0.61
15
5
9

0.60
<1
<1
—

O.I
—

—

—

The obtained tephra samples were subjected to mineral analysis by X-ray powder analysis and
microscope observation under polarized light to investigate the condition of volcanic glass alteration was
investigated.

Photographs of thin samples from depths of 1,003.47 to 1,003.53 m through a polarized light
microscope are shown in Fig. 3, and from depths of 2,000.12 to 2,000.8 m in Fig. 4. The glass alteration
is not observed in the samples from depths of 1,003.47 - 1,003.53 m (Fig.3). The altered minerals
clinoptilolite and montmorillonite are present in the samples from depth 2,000.12 - 2,000.13m (Fig.4).
The mineral compositions are shown in Table 2.
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plagioelase

FlgJ Photograph of a thin section of the
bore hole core sample

plagioclase

Fig.4 Photograph of a thin section of the
bore hole core sample

Table 2 Mineral composition of collected core samples

\
\ mineral

\

depth \
(m) \

\
\
\

1003.47-1003.53

. i ; . \ ' . . i : . : ' ; . : : ' • - " • • . : i ! • : ; • . •

2006.34~2006.37

montmorillonite

A

chlorite

illite

: ; • • • • • ; . , i , ; • • ; : .

; • I •• •

clinoptilolite

plagioclase

A

•'.p.:-.

quartz

—,—; ;—

© :

estimated

temperature

(°C)

43

relative amount:® richu O medium^ A small amounts • trace

3. Summary

This survey clarified the following characteristics of volcanic glass taken from a deep drill hole, which
is believed to have remained for a long period. The studies on the volcanic glasses at the depth of
more than 1000m are very rare in Japan as natural analog study.

• Using a deep drill hole in southern Kanto, we performed a survey of volcanic glass alteration. The
results indicate that the temperature at depths near 2,000 m reaches about 70 °C, and altered
minerals including clinoptilolite and montmorillonite are observed

• At about 50 °C, significant alteration was not observed under a microscope.
• The chemical composition of the groundwater that contributes to this alteration is believed to be

affected by NaCl-iype grouhdwater based on analysis of the pore-water in the core and the
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composition of the deep groundwaler in this area.
In the present survey, only samples with a glass alteration percentage of 0% or 100% were obtained,

but according to Ogihara (2000)4), volcanic glass at a depth of 1,000 m in a drill core onshore of Souma
has been altered to clinoptilolite. He reported that, at an environmental temperature of 45 °C, 90% of the
volcanic glass in the sample had been altered to clinoptilolite. Based on the results of this survey, if we
can obtain samples having different percentages of altered glass, the activated energy can be found.

We plan to obtain data for different degrees of alteration and determine the activated energy by such a
method.
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10.9 The Effect of Silica Sand Content on Diffusion of CO3
2', Cl" and I" ions
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For safety assessment of TRU waste disposal, the effective diffusion coefficients
(De) for CC>32\ Cl" and I" ions in compacted bentonite (Kunigel VI) were
determined as a function of silica sand contents under hyper alkaline condition.
The obtained De values for three diffusants were on the order of 10'13-10'nm2/s and
increased with increasing silica sand content. The effective porosity for diffusion
of Cl" and I" ions, estimated from the rock capacity factor a values, were also
increased with increasing silica sand content. This close relationship indicated that
the increases in the De values were due to the increase in effective porosity with
increasing silica sand content. In the case of CO3

2' ion, the a values were higher
than those for Cl' and I" ions. The Da values for CO32" ion were approximately one
order of magnitude lower than those for Cl" and I" ions. The differences in these
behaviors suggested a possibility of isotopic exchange of 14C with the carbon of
calcite contained in Kunigel VI.

KEYWORDS: TRU waste, diffusion, compacted bentonite, silica sand, effective
porosity

1. Introduction

Radioactive wastes generated from a range of fuel cycle activates such as reprocessing and MOX
fuel fabrication are classified into high-level radioactive waste (HLW) and transuranic (TRU) nuclides
containing waste. TRU nuclides containing waste is further divided into the waste with a total alpha
emission of higher than 1 GBq/t, called "TRU waste", and waste with that of lower than lGBq/t0.
TRU waste contains hulls and endpieces, liquid concentrate from reprocessing plants, miscellaneous
waste from MOX fabrication plants, some decommissioning waste and spent iodine filters. For TRU
waste, about 97% of the total inventory of 1-129 results from spent iodine fuel and the remainder
mainly from hulls and endpieces. TRU waste is planned to be buried in deep geological environment
as same as the high-level radioactive waste (HLW)2). The geological disposal of TRU waste is based
on selection of a suitable site where the direct effects of natural perturbations such as volcanic activity,
earthquakes, fault movement, etc. can be avoided. TRU waste is disposed of at sufficient depth and in
a suitable rock environment to minimize the risk of human intrusion. Long-term safety of TRU waste
disposal is assured by means of a multibarrier system which combines engineered barriers (waste
package, grout, backfill, internal structure, bentonite buffer and liner) and the natural barrier
(geosphere) which restricts groundwater flow. TRU waste disposal may affect the human environment
by groundwater scenario. The groundwater scenario describes the leaching of radionuclides from the
waste form and their transport to the biosphere via ground water flow. The technical review of the
TRU waste disposal concept and the assessment of the multibarrier system performance for the
groundwater scenario have been integrated in the "Progress Report on Disposal Concept for TRU
Waste in Japan"!). In the progress report, conservative models and data are used for the assessment of
specific phenomena for TRU waste disposal such as a hyper alkaline groundwater due to the
degradation of cementitious materials. For highly reliable safety assessment, more detailed and

* Corresponding author, Tel. +81-29-282-1111(67431), Fax. +81-29-282-9328, E-mail: ishidera@tokai.jnc.go.jp
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realistic data are required.
The analysis and assessment performed in the progress report have revealed that soluble, poorly

sorbed nuclides such as 1-129, Cl-36 and C-14 dominate disposal system performance. The C-14,
Cl-36 and 1-129 nuclides may migrate as anionic species of CO3

2', Cl" and I", respectively. It is
important to obtain more migration data of these anions for reliable safety assessment. A
bentonite/sand admixture with 70wt% bentonite 30wt% sand with a dry density of 1.6Mg/m3 is
assumed as the buffer material in the progress report. The silica sand content is possibly changed in
order to improve the mechanical properties. The silica sand in bentonite buffer may affect the
diffusivity of radionuclides. In this study, the effective diffusion coefficient (De) for CO3

2", Cl" and I"
ions in compacted bentonite were determined as a function of silica sand contents under hyper alkaline
condition.

2. Experimental

2.1 Materials

Kunigel VI® (Kunimine Industries Co. Ltd.) was used as a bentonite material throughout this study.
This bentonite material consists of 46-49wt% of smectite, 37-38wt% of chalcedony and few wt% of
minor minerals (plagioclase, calcite, dolomite, analcime and pyrite)3). The samples were prepared as
mixtures of Kunigel VI and silica sand with mass fractions of 0, 30 and 50wt% and then compacted to
obtain a dry density of 1.6Mg/m3. The tracers were prepared for 6.3x10^01 (67kBq) for Na2

14CO3,
2.5x1 O^mol (47kBq) for Na Cl and 2.5x1 O^mol for Nal (non-radioactive). These tracers migrate as
anionic species of 14CO3

2', 36C1" and I' respectively in this experimental condition. The dominant
species were thermodynamically predicted as 14CO3

2' ion4), while I" ion was confirmed by ion
chromatography. The pH of the solutions was adjusted at pH = 12.5 with NaOH solution initially and
dropped to about 12.0 at the end of the experiments.

The through-diffusion cell is shown in Figure 1. High-concentration Low-concentration
The acrylic resin cell consists of two solution
reservoirs (50cm3 in volume each), a sample
holder and filters. One of the reservoirs contains
tracer (designated as a high-concentration
reservoir) and another is tracer free initially
(designated as a low-concentration reservoir). The
sample holder, also made by acrylic resin, has a
cylindrical compartment (20mm in diameter and
10mm in thickness). A membrane filter (about
0.1mm in thickness, pore size 0.22um) is placed
at each side of the bentonite to restrict the
leaching of bentonite gel during the experiment.
The membrane filter is supported by a porous
plastic filter (2mm in thickness and several
hundreds of micrometer in pore size).

reservoir (50cm3) reservoir (50cm3)
Sample holder

/ Bentonite
Porous filter (1 Omm x *20mm) Membrane filter

Fig. 1 Schematic illustration of the
through-diffusion cell

2.2 Procedures

The bentonite was dried at 110°C for more than 24hours and compacted into the sample holders. To
saturate the bentonite, both solution reservoirs of the diffusion cell were initially in contact with 50 ml
deionized water (NaNO3-free) for more than two weeks and then with 0.01mol/dm3 NaNO3 solutions
for more than two weeks. After adding the tracer solutions, the diffusion experiments were started. To
obtain the break-through curve, the tracer concentrations in the two reservoirs were periodically
measured for 0.5 ml (for CO3

2" and Cl") and 0.4 to 0.1 ml (for I") aliquot. The experiments of CO3
2" and

Cl" ions were performed in a N2 glove box (O2 and CO2 less than lppm, 22.5 ± 2.5 °C in temperature),
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while the experiments of I" ion were performed in aerobic condition at 25.0 ±1.0 °C.
After the through diffusion experiment, the nuclides distribution in bentonite was determined. Tracer

concentration was determined for thin sections (thickness = lmm) after compacted bentonite was
sliced. To extract the tracers, each section was immersed into lmol/dm3 NaCl (for the experiments of
14CC>32' and 36C1" ions) or lmol/dm3 KC1 (for I" ion) for 7 to 14 days. The radioactivity was measured
by a liquid scintillation counter (Packard Instrument Company, 2770TR/SL) for C-14 and a
27t-gasflow counter (Aloka Co. Ltd., LBC-472-Q) for Cl-36, while iodine concentration was
determined by an ICP-AES (Shimadzu Corporation, ICPS-7500).

2.3 Analytical Method

The De for three diffusants was determined from the break-through curve under the steady state of
diffusion, using the Fick's first law, as the following equation5):

^ (1)D, J
ACp

where J is the diffusive flux, AC/L is the concentration gradient of diffusant in the porewater. The
diffusive flux J was calculated by linear least-squares fitting to the break-through curves under steady
state. The concentration drop through the filter can be calculated by the following equation^:

^ (2)

where D/ is the effective diffusion coefficient in the filter, L/ is the filter thickness, C# is the
concentration of the high-concentration reservoir, and CL is the concentration of the low-concentration
reservoir. The D/ was determined by the diffusion experiment for the membrane-plastic filter
assembly as a diffusion medium.

The apparent diffusion coefficient (Da) was determined from the concentration gradient in bentonite
and the diffusive flux J under the steady state as the following equation:

A, = -J-^— (3)
ACb
ACb

where ACt/L is the concentration gradient of diffusant in bentonite, and ACb/L was calculated by linear
least-square fitting to the concentration profiles in bentonite.
The rock capacity factor a was determined as the following relation^:

3. Results

Typical break-through curves for I" ion are shown in Figure 2. The concentrations of I" ion increased
linearly as a function of time after 0.1-0.3xl07 seconds, indicating that diffusion reached for the steady
state. The steady state of diffusion was also confirmed by the linear decrease in the concentration
profiles (Fig. 3). The De, Da and rock capacity factor a for 14CO3

2", 36C1" and I" ions are listed in Table
1. The De values for three diffusants were on the order of 10'13-10"um2/s and increased with increasing
silica sand content. The Da values for CO3

2' ion were approximately one order of magnitude lower
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than those for Cl" and I' ions. In contrast, the a values for CO3
2' ion were higher than those for Cl" and

I" ions. The a values for Cl" and I" ions ranged from 0.019 to 0.11, while those for CC>32' ion were
almost constant at about 0.16.

45

0.5 1 1.5
Time [xl0?sec]

2.5

Fig. 2 Break-through curves for I" ion
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Fig. 3 Concentration profiles for I" ion
in compacted bentonite

Table 1 Effective diffusion coefficients (De), apparent diffusion coefficient (Da) and rock capacity
factor a for CC>32', Cl" and I" ions

Diffusant

CO3
2'

cr

r

Silica sand
(wt%)

0
30
50
0

30
50
0
30
50

De

(xlO-'W/s)
0.065 ± 0.001
0.18 ±0.00
0.26 ± 0.00
0.41 ±0.01
0.84 ±0.01

1.3 ±0.0
0.35 ±0.01
0.63 ± 0.01

1.8 ±0.1

Da

(xlO-lom2/s)
0.041 ± 0.003

0.11 ±0.01
0.17 ±0.01

1.7 ±0.1
2.0 ± 0.3
2.5 ± 0.2
1.5 ±0.1
1.6 ±0.0
1.7 ±0.2

a

0.16 ±0.01
0.17 ±0.01
0.15 ±0.01

0.024 ± 0.002
0.043 ± 0.007
0.052 ± 0.005
0.019 ±0.002
0.030 ±0.001
0.11 ±0.02

4. Discussion

Figure 4 shows the De values for CO3
2\ Cl" and I" ions plotted as a function of silica sand content.

The De values for three diffusants increased with increasing silica sand content. Silica sand is
chemically inert for these diffusants in compacted bentonite. The dry densities of compacted bentonite
were independent of the silica sand content. However, the mineral composition of compacted
bentonite was varied by the addition of silica sand. The content of smectite, which is major component
of bentonite, was decreased from 50wt% to 25wt% with increasing silica sand content from 0wt% to
50wt%. The increases in the De values are speculated to be caused by the decrease of the smectite
content in compacted bentonite.
The partial dry density of smectite component decreased with decreasing the smectite content in

compacted bentonite, although the net dry density of 1.6 Mg/m3 kept constant. The smectite partial
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densities for Kunigel VI with silica sand of 0,
30 and 50 wt% were calculated to be 1.13,
0.91 and 0.72 Mg/m3, respectively^. The
smectite component is used as major
diffusion pathways for anions, since the silica
sand and other minerals are surrounded by
the smectite in compacted bentonite. The
surface of smectite is negatively charged, so
that the concentration of anions is decreased
near the smectite surface due to the
electrostatic repulsion. This phenomenon has
been called as anion exclusion effect6'9'10).
The anion exclusion effect decreases the
effectively contributing porosity for anionic
diffusion. This effective porosity is
considered to be closely related to the pore
size in compacted bentonite, because the
anion exclusion is decreased with increasing

o

0.5

O CO 2- • cr > i-

•

o o

10 6020 30 40 50
Silica sand [wt%]

Fig. 4 The De values for CO3
2', Cl" and I" ions

plotted as a function of silica sand content

the distance from smectite surface. The decrease in smectite partial density causes to increase the pore
size in compacted bentonite. The average pore sizes were calculated to be 1.3, 1.8 and 2.9 nm for the
smectite partial densities of 1.12, 0.91 and 0.73 Mg/m3. Therefore, the increases in the De values are
suggested to be due to the increase in effective porosity with increasing silica sand content.
The effective porosity can be estimated from the rock capacity factor or6>9>11). The a is expressed as

the following equation:

a = e + pKd (5)

0.16

o 0.12
o

o

where the p is the dry density of the compacted bentonite (g/m3) and the Kd is the distribution
coefficient of diffusant on compacted bentonite (m3/g). Because the Kd for a non-sorbing diffusant
such as anions is 0 m3/g, the a calculated from Eq.(4) is considered to be identical to the effective
porosity for the diffusant. Figure 5 shows the a values for CO32", Cl" and I" ions plotted as a function of
silica sand content. The a values for Cl" and I" ions were increased with increasing silica sand content.
The a value for Cl" ion was increased from 0.024 to 0.052 with increasing silica sand content from
0wt% to 50wt%. The a values of 0.019 for I" ion without silica sand was about 6 times that of 0.11 at
50wt%. The De values for Cl" and I" ions were
also increased 3-5 times with increasing silica
sand content. These similar increases suggest
the close relationship between the De values and
effective porosity. Therefore, the increases in
the De values were considered to be due to the
increase in effective porosity with increasing
silica sand content. In the case of CC>32' ion, the
a values were higher than those for Cl" and I"
ions. The Da values for CO32" ion were
approximately one order of magnitude lower
than those for Cl' and I" ions (Table 1). The
differences in these behaviors suggested a
retardation of CO32" ion in compacted bentonite,
even though CO3

2" ion is an anionic species. The
retardation is possibly due to an isotopic
exchange of 14C with the carbon of calcite
contained in Kunigel VI.

o
ea
p.
CO
O

0.08

0.04

CO cr

10 20 30 40 50
Silica sand [wt%]

60

Fig. 5 The a values for CO3
2", Cl' and I" ions

plotted as a function of silica sand content
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10.10 Application of log interpretation methods to evaluate heterogeneity in
diatomaceous mudstone at Horonobe area

Akio HARA1, Takashi TSUJI2, Mizue NISHIMURA2, Kazuyoshi HOSHI3, Masahiko YAGI2,
Koji KAWADA3, Jian-Yong HOU3, Arata KATO3, Hitoshi SUZUKI3, Masahiro UCHTDA1

' Tokai Works, Japan Nuclear Cycle Development Institute, Tokai-mura, Ibaraki 319-1194, Japan
2Japex Research Center, Japan Petroleum Exploration Co., Ltd. 1-2-1, Hamada Mihama-Ku Chiba

261-0025, Japan
3JGI, Inc., Meikei Building 1-5-21, Otsuka Bunkyo-Ku Tokyo 112-0012, Japan

Borehole log interpretation methods, which are usually used by petroleum
exploration companies, are applied for evaluating heterogeneity of deep
underground diatomaceous mudstones in the Horonobe area. Natural gamma ray
log and electrical micro image (EMI) log data were used for the log interpretation.

Five sedimentary facies, A to E, were established from the EMI log interpretation.
Significant correlations between the sedimentary facies, the chemical contents, the
natural gamma ray level, and the electric conductivity in the diatomaceous
mudstone were seen. Spatial distribution of the diatomaceous mudstone, in
lithology and thickness, was recognized through borehole correlation, which seems
to reflect the sedimentary environment change.

KEYWORDS: initial site investigation, diatomaceous mudstone,
heterogeneity, electrical micro image log, natural gamma ray log.

1. Introduction

It is important to understand the range and spatial distribution of physical parameters of
heterogeneous sedimentary rocks, such as hydraulic conductivity, and to provide these data for
hydrogeological models in initial site investigations for high-level radioactive waste (HLW)
geological disposal. Diatomaceous mudstone distributed in the Horonobe area looks homogeneous to
the naked eye. However, a continuous change in the physical properties has been detected from
borehole log data. It seems to be caused by the lithological variation in the sedimentary rock. In this
study, to evaluate heterogeneity of diatomaceous mudstone in the Horonobe area, physical properties
and lithofacies of sedimentary rocks are estimated from the natural gamma ray log data and the
electrical micro imaging (EMI) log data which was obtained from the boreholes drilled for the
Horonobe Underground Research Laboratory Project1 )>2>'3)A)5). Chemical content of the diatomaceous
mudstones is compared with the lithofacies, the natural gamma ray revel, and the electrical
conductivity of diatomaceous mudstone. Spatial distribution of heterogeneity of sedimentary rocks
within the Wakkanai formation is discussed by comparison of log data from several boreholes.

2. General description of the borehole logging method used in this study

Natural gamma ray log is a useful tool for estimating the mineral content within strata that radiate
gamma rays, such as clay minerals. Shales and clays are responsible for most natural radioactivity, so
the gamma ray log is often a good indicator of such rocks.

EMI log can detect electric conductivity of strata, which is the reciprocity of resistivity. EMI log
can acquire high-resolution data and make a pseudo-borehole image through image processing.

Figure 1 shows a schematic diagram for EMI log data acquisition. The EMI log tool has six pads,
which detect electric conductivity. Twenty-five electrodes were implanted in each pad. Electric
conductivity is detected by pressing these pads against the wall of the borehole. The resolution of
the EMI log is about 5mm. The pseudo-borehole image ranges in colored from white to black via

- 2 7 0 -



JAERI-Conf 2005-007

yellow and brown according to increasing electric conductivity.
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—^O"<— 0 16inch(diameter)

0.3inoh

Pad

EMI Log tool

Fig.l Schematic diagram of the EMI log data acquisition system.

3. Sedimentary Fades

Five sedimentary facies, A to E, were established based on the degree of contrast reflected in the
bedding plane of the strata (Fig. 2). The EMI image of sedimentary facies A and B clearly shows a
layered structure. This corresponds to a low gamma ray level in the gamma ray log data. The EMI
image of sedimentary facies D does not clearly show a layered structure. This corresponds to a high
gamma ray level in the gamma ray log data. Sedimentary facies E was also characterized by an unclear,
layered structure and a high gamma ray level similar to facies D but sometimes show a medium
gamma ray level in the strata . This might be the result of the sedimentary facies having been disturbed
by secondary mechanical processes.

Facies _A
An example of EMI image layered structure OT ILTOT gamma ray level

clear

unclear

clear

Facies B

Facies C

unclear

Gamma ray log

low

high

Fig.2 An example of an EMI image (left) and five EMI facies established from the EMI image.
(The line overlain EMI image indicates the natural gamma ray level)
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4. The relationship between fades and chemical composition

The whole rock chemical contents of the diatomaceous mudstone were analyzed by the X-ray
fluorescence (XRF) method. The core samples used for the XRF analysis were selected based on the
difference of the electrical conductivity shown in the EMI images. From the results of the XRF
analysis, the chemical contents and the sedimentary facies show good correlation (Fig.3). Distinctly
layered sedimentary facies A and B were characterized by a high SiO2 content layer inter-bed with a
low SiO2 content layer. Sedimentary facies D, which shows little stratification, was characterized by
medium to low SiO2 content. In addition, the strata with a high SiO2 content were also characterized
by a low AI2O3 content and a low electric conductivity. The results of this study also suggest that in
cases of strata with a high SiO2 content, the electric conductivity is lower and the stratification is more
distinct when viewed as an EMI image.

Hara (2004)6) investigated the relationship between the natural gamma ray level and the chemical
and/or mineral composition of diatomaceous mudstone from the Horonobe area. Principally, the strata
characterized with high gamma ray contain high A12O3 and are rich in terrigenous sediments such as
clay minerals. On the other hand, the strata characterized by a low gamma ray level contain high SiO2

and are rich in diatomaceous fossils. The relationship between lithology, sedimentary facies, natural
gamma ray level, electric conductivity, and chemical contents of diatomaceous mudstone from the
Horonobe area are summarized in Table 1.

131m

• m'

Fig.3 The relationship between sedimentary facies and chemical contents (HDB-S)
(From the left, EMI image, core image, sedimentary facies, electric resistivity, and chemical contents of A12O3 and SiO2)

Table 1 The relationship between lithology, sedimentary facies and
physical properties of diatomaceous mudstone from the Horonobe area

lithology

sedimentary facies
natural y -ray level
electric conductivity
chemical content

Diatom fossil rich ,. , , . . ,
mudstone * > sediment (ealy) rich

mudstone
A. B •* ^ D (E)
Low < • High
Low < f High

SiO2 rich <* • AI2O3 rich
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5. Spatial distribution of sedimentary rocks

Layered sedimentary facies, deciphered by natural gamma ray log and EMI log analysis, correlate
between boreholes. More than 40 markers were established for borehole correlation based on natural
gamma ray level and EMI image. Figure 4 shows the results of borehole correlation between HDB-1,
HDB-2 HDB-3 and HDB-5. Sedimentary facies can be traced horizontally without abrupt facies
change through the boreholes, while vertical sedimentary facies change cyclically, synchronized with
the other boreholes. This means that sedimentary facies change, in the horizontal direction, reflects the
variation of the horizontal environment change at a given time, while the vertical change reflects a
global environment change, such as a sea level change, which involved the entire Horonobe area.
Figure 5 shows a three-dimensional plot of sedimentary facies distribution in the Horonobe area. The

total thickness of sedimentary rocks is thicker at the borehole located west of the Horonobe area
(HDB-3), and thinner east and south of the Horonobe area (HDB-5, HDB-2). For example, the
thickness of the strata between marker 4 and 15 is about 90m at HDB-2, 125m at HDB-5 and 130m at
HDB-1.
This information is significant because it can be used to estimate the sedimentary system of the

Horonobe area and to estimate the spatial distribution of the strata for a wider area, such as the whole
sedimentary basin, for use in numerical simulations.

GR(APl) no

HDB1 HDB5
50 GR(API) no

EM
EMI A
EMI-B
EMI-C
EMI-D
EM-E

Fades

mmflip

Marker

i — GR Marker<2Oa3)

— GR Markef<3004)

" E M I hforher

Fig.4 Sedimentary facies correlation between the boreholes
(Boreholes were correlated horizontally at marker 4)
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Fig.5 Three dimensional plot of the sedimentary facies distribution of the Horonobe area.
Boreholes were plotted 200m below the mean sea level at marker 4.

"Easting" and "Northing" are the coordinates (in meters) of the UTM projection.
Vertical scale indicates the elevation (in meters).

6. Conclusions

Heterogeneity of diatomaceous mudstone in the Horonobe area was determined by interpreting
natural gamma ray log data and electrical micro imaging log data. Physical and chemical properties of
the diatomaceous mudstone were shown to be closely related to lithology and sedimentary facies.
Spatial distribution of the diatomaceous mudstone in the Horonobe area was shown by borehole
correlation. The sedimentary rock is thicker at the borehole located west of the Horonobe area
(HDB-3), and thinner at east and south of the Horonobe area (HDB-5, HDB-2).
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10.11 Geological FEPs and the parameters for the modeling on the performance

assessment of the geological disposal

Yoshio Watanabe1, Naoto Takeno1, Mikio Takeda1, Atsushi Kamei1 and Ming Zhang1

xReserach Center for Deep Geological Environments, AIST, Tsukuba, Ibaraki 305-8567, Japan

The geological phenomena, comprising processes possibly involved in the senario development

of the normal and variant evolutions of the repository, will be extracted in reference to the parameters

provisionally included in the numerical codes for material flux in the groundwater senario. This is a

relevant practice to estimate key issues in the total system performance assessment, especially in the

site-specific uncertainties in Japanese geological settings.

We first attempt the completeness of the scenario and modeling information on the basis of two

kinds of the repository evolution, i.e., the predictable long-term continuous evolution and such

discontinuous or hazardous ones which we should introduce probabilistic estimates for the occurrence.

Volcanic activities and disruptive rock deformation by seismicity will be variable in their occurrence and

internal impacts to the repository systems among sites, while several diagenetic (both mechanical and

chemical) and hydrogeological phenomena will be predicable in geological time scale. In case

disruptive events changes the boundary condition of the models, all the scenarios should be assessed by

probabilistic ways.

In the course of model development in the groundwater senario, we first summarized necessary

parameters for each theoretical models. They are then served to sensitivity evaluations, by

quantification of likelihood of geological phenomena which cause the property or value of those

parameters. These geological phenomena are consequences of processes, each of which represents

detailed, or subcategories of the internationally established FEP. In the final dose assessment, too much

detailed research models will not be principal; working application of this systematic consideration will

be first for screening of FEP in site-specific senario development stages.
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10.12 Present status of Research Activities on the Interaction of Heavy
Elements with Microbiology in JAERI

Toshihiko OHNUKI1, Takuo OZAKI1, Takahiro YOSHIDA1, Takuya NANKAWA1,
Fuminori SAKAMOTO', and A. J. Francis2

Advanced Science Research Center, Japan Atomic Energy Research Institute,
Tokai, Ibaraki 319-1195, Japan

2Environmental Sciences Department, Brookhaven National Laboratory, Upton,
New York 11973, USA

It has been recognized that microbial transformations of radionuclides and toxic

metals could be significant in the environment, but there is a paucity of information on

the mechanisms of biotransformation of radionuclides by the microorganisms. An

understanding at the fundamental level the mechanisms of mobilization, immobilization

and bioavailability of radioactive elements in particular the actinides is important from

the standpoint of mobility of actinides in the environment, disposal of radioactive

wastes in deep geological formation, remediation of contaminated soils and materials,

and development of strategies for the long-term stewardship of the contaminated sites.

The microbiology research group in JAERI is conducting basic scientific

research on microbial interactions with actinides. Fundamental research on microbial

transformations of actinides include elucidation of the mechanisms of dissolution and

precipitation of various chemical forms such as ionic, oxides, organic and inorganic

complexes of actinides by aerobic or anaerobic microorganisms under relevant

microbial process conditions.

State-of-the-art analytical techniques are used to determine the interaction of

actinides with microorganisms at the molecular level to understand the structure

function relationship. These techniques include time-resolved laser fluorescence

spectroscopy (TRLFS) to determine the coordiantion number, oxidation states and the

nearest neighbor by XANES and EXAFS at the Synchrotron Light Source,

determinination of chemical forms by TEM, and genomic (DNA) manipulation by

molecular techniques.

We here report the present status of our research activities on 1) accumulation of

lanthanides(III) by microorganisms, 2) application of micro-Particle Induced X-ray Emission

(PIXE) to obtain distribution of heavy elements accumulated by microorganisms, and 3)

accumulation of actinides(VI) by microorganisms.
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10.13 Critical Experiments on Interaction Systems Using STACY and
Their Analytical Evaluation

Kotaro TONOIKE, Toshihiro YAMAMOTO and Yoshinori MIYOSHI
Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

A series of experiments with neutron interactive cores that consisted of two slab
tanks was conducted to measure the neutronic characteristics of the multiple-unit
system. The measured characteristics are useful to discuss the issues of criticality
safety design such as the modeling scheme of multiple-unit systems, the accuracy of
computation methods of the weekly-coupled system, and so far. In this presentation,
conditions of the series of experiments will be outlined. Their analytical evaluation
for the validation of computational methods will be also discussed.

KEYWORDS: Critical Experiments, Interaction System, STACY, Monte-Carlo
calculation, Weekly-coupled System, Wielandt's Method

1. Introduction

A series of experiments with neutron interactive cores which consisted of two slab tanks was
conducted at the Static Experiment Critical Facility (STACY) in the Nuclear Fuel Cycle Safety
Engineering Research Facility (NUCEF) 1>2), Japan Atomic Energy Research Institute (JAERI) to
measure the neutronic characteristics of the multiple-unit system which is categorized as the general-
form in the criticality safety handbook of Japan.3>4)

The measured characteristics are useful to evaluate the criticality safety design method
determining the isolation condition where each unit could be treated as a single unit, the accuracy of
computation methods for the neutron multiplication factor, the fission source convergence behavior in
the Monte-Carlo calculation for the weekly-coupled system.

Asymmetrical experimental configurations as shown in Fig. 1 highlighted the source
convergence problem of the Monte-Carlo method. The fission number ratio estimated by the neutron
flux distribution measurement in two core tanks was compared with the computation result by the
Monte-Carlo method, which demonstrates the effectiveness of the newly developed algorithm of the
spatial neutron tracking.

In this presentation, conditions of the series of experiments will be outlined. The measured
results are going to be briefly described and their analytical evaluation of the asymmetrical
configuration for the validation of computational methods will be discussed.

Core Core
Tank Isolator Tank

Core Core
Tank Isolator Tank

U Solution

Symmetric
without Isolator

U Solution

Symmetric
with Isolator

U Solution

Asymmetric

Fig.l Typical Experimental Configurations
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2. STACY Experiment

2.1 Experiment Configuration

The experiment was conducted with the
core configuration of arrayed two identical core
tanks as shown in Fig. 2. Each core tank was
made of SUS 304 stainless steel and has a inner
cavity of 350 mm thickness, 690 mm width and
1500 mm height surrounded by walls of 20 mm
thickness. The distance of two core tanks could
be varied from 0 mm to 1450 mm. First, nine
core distances were configured as listed in Table 1
without neutron isolators and a critical solution
level was measured for each distance. Then, as
shown in Tables 2 and 3, the polyethylene and the
concrete isolators were installed between the core
tanks, whose thicknesses are up to 300 mm and
600 mm, respectively. Figure 3 is a picture taken
from the upper side that indicates 8 concrete
isolator units composing a 600 mm thickness at
Run 324 in Table 3. The uranyl nitrate solution
was fed into the both tanks simultaneously and the
solution levels were kept the same for both tank.

The uranyl nitrate solution that was used in
the experiment had the 235U enrichment of 10%,
the uranium concentration of about 290 gU/L and
the acidity of about 0.8 N. The basic principle of
experiment is that the solution fuel condition was
not changed intentionally, critical solution levels
were measured for each core configuration and the
reactivity effect was evaluated from the difference
of critical solution levels. The fuel solution
condition, however, naturally changed over time
during the experiment period with the uranium
concentration, the acidity and the solution density
raising, which was caused by the water
evaporation. The fuel solution condition at each
experiment has been evaluated as shown in
Tables 1, 2 and 3 by interpolations of the results of
repeated solution sample taking and analysis
during the experiment period.

2.2 Experimental Result aad Its Application

,o.T: Surface of
Water deflector Pool

Fig.2 STACY 350T Slab Core Tanks

Core Tanks

FIg.3 Installation of Isolator Units

Tables 1, 2 and 3 also indicate measured critical solution levels in the columns "He" for various
core distances or isolator thicknesses of the polyethylene or the concrete. Generally, higher critical
solution levels are observed for larger core distances or thicknesses of isolators. The exceptions can
be seen by comparison between Runs 268 and 269 in Table 1, Runs 304 and 306 in Table 2, and Runs
322 and 324 in Table 3, where lower critical solution levels are observed for the larger core distance or
thicker isolators.

The exceptions are caused by the natural change of solution fuel condition mentioned above.
The reactivity effect related to the solution fuel condition should be compensated for the reactivity
effect evaluation of neutron interaction. In Table 1, values in the column "Hcc" indicate the corrected
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critical solution levels on the assumption that each
experiment was conducted with the same solution
fuel condition as Run 261.5 ) In Tables 2 and 3,
the columns "Hcc" indicate the corrected critical
solution levels for the solution fuel conditions of
Runs 292 and 311, respectively.

Runs 292 and 311 are configurations of a
100 mm core distance without isolators, which are
the references for both series of experiments with
the polyethylene and the concrete isolators to
evaluate the critical solution levels of the zero
thickness isolator. The reason why the 100 mm
core distance was chosen instead of 0 mm is
because of a poor reproducibility of a 0 mm core
distance due to mechanical tolerance. The
derivation of critical solution level for the zero
thickness isolator from the results of Runs 292 and
311 utilizing the reactivity effect estimation based
on the "Hcc" in Table 1 gives 490.5 mm and
500.8 mm for the polyethylene and the concrete,
respectively.

Figure 4 shows the critical solution level
change depending on the thickness of isolators
based on the columns "Hcc" in Tables 1, 2 and 3.
The plot of "Air" shows the results of experiment
without isolators. The critical solution level
change is saturated around a 30 cm thickness for
the polyethylene isolator and approaches to
719 mm. For the concrete isolator, it saturated
around a 60 cm thickness and approaches to
696 mm. For the case of air, the critical solution
level changes even at the 1450 mm core distance
and the extrapolation of the curve indicates that
critical solution level would be 831 mm for the
very large core distance.

800 r

Fig.4

200 400 600 800 1000 1200

Isolator Thickness (mm)

Critical Solution Level of
Symmetric Configurations

Table 1 Configurations without Isolators
"^Enrichment : 9.97%

Run
#

261
274
273
262
263
264
267
268
269

L*
(mm)

0
25
50
75
150
300
500
1000

1450

Sol. fuel condition at 25 °C

U cone*
(gU/L)

290.3
296.0
295.9
290.5
290.8
291.0
291.6
291.9
295.0

Acidity*
(N)

0.83
0.85
0.85
0.83
0.83
0.83
0.84
0.84

0.85

Density
(g/cm>)

1.4160
1.4234
1.4232
1.4163
1.4166
1.4169
1.4177
1.4181
1.4221

H e *
(mm)

494.9
498.8
519.7
554.2
600.3
659.9
709.8
763.2
762.5

Hcc*
(mm)

494.9
510.5
532.4
554.9
602.0
663.1
716.3
773.4
791.6

*) L : Core distance

U cone.: Uranium concentration
Acidity : Free nitric acidity

Temp.: Temperatur of the solutoin in core tanks

He : Measured critical solution level

Hcc : Corrected critical solution level

Table 2 Configurations with
Polyethylene Isolators

235U Enrichment: 9.97%

Run
#

T*
(mm)

Sol. fuel condition at 25 °C

U cone.
(gU/L)

Acidity Density
(N) (g/cm3)

He
(mm)

*) T : Polyethylene thickness

Table 3 Configurations with
Concrete Isolators

235U Enrichment: 9.97%

Run
#

T*
(mm)

Sol. fuel condition at 25 °C

U cone. Acidity
(gU/L) (N)

Density
(g/cm>)

He
(mm)

Hcc
(mm)

292 lOO(Air) 293.8 0.83 1.4199 561.5 561.6

294
295
298
300
302
304
306

10
25
50
100
150
200
300

294.9
295.3
295.8
296.3
296.9
297.2
297.7

0.84
0.84
0.84
0.84
0.84

0.85
0.85

1.4216
1.4222
1.4230
1.4239
1.4247
1.4251
1.4259

536.0
585.8
636.9
678.4
689.4
691.3
689.6

540.3
592.9
649.2
697.8
712.8
716.8
719.6

Hcc
(mm)

311 100 (Ai) 290.0 0.84 1.4154 576.0 576.0

312
314
316
318
320
322
324

25
50
100
200
300
400
600

290.5
291.0
291.5
292.0
292.6
293.2
294.2

0.84
0.84
0.84
0.84
0.84
0.84
0.84

.4161

.4169

.4176

.4184

.4193

.4201

.4217

531.1
553.8
594.5
642.2
662.5
664.8
660.4

532.5
557.8
601.5
653.7
679.3
685.3
690.9

*) T : Concrete thickness
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3. New Analysis Method

3.1 Wielandt's Method and its Implementation to MCNP

The eigen equation of a multiplication system was expressed as

L* = jPj (1)
k

where L and P are operators representing neutron loss and production, and </> is a neutron flux
distribution. By the Wielandt's method 6\ the modified eigen value equation such as

k k
(2)

is solved, where ke is an adjustment parameter and a larger value should be given than kef of the
system. If a fission reaction is selected at a collision site, v/ke (average) neutrons are produced and
tracked in the same cycle by the Wielandt's method as shown in Fig. 5 while the reaction is treated as a
capture reaction by the conventional Monte-Carlo critical calculation. For the next cycle, fission
neutrons of (Vk0 - l/ke) • vaflatw (w: weight, fa ^ o f the former cycle) should be prepared.

To implement the method to MCNP 7), a fixed source calculation was conducted to track all
starting fission neutrons and their progenies until their deaths. One run of the MCNP fixed source
calculation corresponds to one cycle of a criticality calculation. Locations of fission sources
determined during the random walk process of the fixed source calculation are inherited to the next
fixed source calculation. Then, the fixed source calculations of MCNP are repeated until the final
cycle.8)

Conventional method

Wielandt's method

(n) is the number of fission neutrons
used in the next cycle, but they are
generated by the fission source inherited
from the previous cycle.

[m] is the number of fission neutrons
used in the next cycle, but they are
generated by the fission source generated
in the current cycle.

Fig.5 Difference of particle tracking between
the conventional method and the
Wielandt's method

3.2 Analysis of STACY Experiment

The new method was applied for the
analysis of a STACY experiment modeled as
shown in Fig. 6. A polyethylene isolator unit
of 10 cm thickness was arranged asymmetri-
cally and a ratio of fission number of the left
core tank is evaluated as approximately 80% of
total fission number based on the result of a
gold foil irradiation measurement. A reactivity
contribution from one tank to the other is
0.25%Ak, where the system is weakly coupled.
A dominance ratio (a ratio of an eigen value of
the lst-order harmonics mode to that of the
fundamental mode) is 0.990, where a very slow
convergence is expected. For the system,
calculations were performed with 2000 particles

a
o

i
35 cm <SR

Fig.6 Asymmetric STACY configuration
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, Seemingly
converged?

[ Wielandt's method

conventional

0 100 200 300 400 500 600 700 800
cycle

Fig.7 Variation of Fission Source Fraction

in each cycle by the conventional method and by the Wielandt's method. The multiplication factor
kef of the overall system is 1.007 and ke mentioned above was set as 1.03, where its dominance ratio
was 0.71.

The variation of a ratio of fission number of the left core tank over the calculation cycles is
shown in Fig. 7 under the extreme initial condition where initial neutron sources were given only on
the right core tank having a minor reactivity contribution. The convergence was achieved by the
Wielandt's method at about 20 cycles. At least 400 cycles were required, however, by the
conventional method, where the convergence was not clear yet.

4. Conclusion

A sereis of experiments was conducted with neutron interactive cores at STACY using uranyl
nitrate solution. Criticality benchmark data of the solution were obtained under various geometrical
conditions such as core tank separation, thickness of concrete or polyethylene installed between core
tanks. The benchmark data are useful to evaluate or validate the modeling scheme of mulitple-unit
system, the accuracy of computation methods of the weekly coupled system, and so far.

The Wielandt's method, which is an acceleration method for solving a neutron transport
equation, is modified for the Monte Carlo calculation. The multiplication factor calculation was
conducted for an asymmetric configuration of the STACY experiment by MCNP in which the
Wielandt's method had been implemented, which demonstrates very fast convergence of spatial
neutron source distribution with the method.
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10.14 Critical Experiments and Their Benchmark Evaluations on STACY Heterogeneous Core*

Shouichi Watanabe, Toshihiro Yamamoto, Hideyuki Hirose, Kazuhiko Izawa
and Yoshinori Miyoshi

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

A series of critical experiments of basic heterogeneous STACY core was performed from 2002 to
2003 concerning the dissolver of the reprocessing facility for LWR spent fuel. The two types of
cores with different lattice pitches composed of PWR-type fuel rod array and a low-enriched
uranyl-nitrate-solution. Benchmark calculations of keff's for detailed model were carried out using
Monte Carlo code for both JENDL-3.2 and JENDL-3.3 libraries. The keff's agreed within 0.007 for
JENDL-3.2, while those for JENDL-3.3 were reduced compared to those of JENDL-3.2 and
approached to unity.

KEYWORDS: STACY, Critical Experiment, Heterogeneous Core, Low Enriched,
Dissolver, Uranyl-Nitrate.MCNP, JENDL-3.2, JENDL-3.3

1. Introduction

A series of critical experiments of basic heterogeneous STACY core was performed from 2002 to
2003 for the purpose of obtaining the benchmark data concerning the dissolver of the reprocessing
facility for LWR spent fuel.l) Two types of core configurations under optimal- and over- moderation
were constituted for the purpose of clarifying the limiting value used for the criticality safety control
of the dissolver. The cores composed of PWR-type fuel rod array and a low-enriched
uranyl-nitrate-solution for two kinds of lattice pitches. A series of the critical experiments was
performed, by changing uranium concentrations parametrically for both unreflected and
water-reflected conditions. Benchmark calculations of keff's for detailed model were also carried out
using continuous energy Monte Carlo code for both JENDL-3.2 and JENDL-3.3 libraries.

2. Critical Experiment

The core configuration and the fuel rod are shown in Fig.l. Inner diameter of the stainless-steel core
tank was 59 cm. The core was constituted in the core tank by arranging an array of 5 wt% enriched
UO2 fuel rods in the 6 wt% enriched uranyl-nitrate-solution. The fuel rods were supported with ,
attachable grid plates held to the grid-plate support, and the support was fixed to the inner-side-wall of
the core tank. The grid plate was made of zircaloy-4. The core consisted of two radial regions as
follows: the array of the UO2 fuel rods with square lattice filled by the uranyl-nitrate solution was
arranged in the center of the core tank, and the uranyl-nitrate-solution region surrounded the assembly.
The fuel rod had the same dimension as that of PWR while the pellet stack length was 142 cm. The
outer diameter of the clad made of zircaloy-4 and the diameter of the UO2 pellet were 0.95 cm and
0.82 cm, respectively. Experiments were performed for following two types of fuel rods arrays with
different lattice pitches:

Case name "2.1 cm-pitch" "1.5cm-pitch"
Lattice pitch (cm)
Solution-to-pellet cell volume ratio
Number of fuel rods
Effective diameter of array (cm )

2.1
7.0

221
35

1.5
2.9
333
31

* This work was carried out by the Japan Atomic Energy Research Institute (JAERI) under entrustment by the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.
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The case "2.1 cm-pitch" was over-moderated
condition, while the case "1.5cm-pitch" was close to
optimal-moderated condition. The uranium
concentration was adjusted, in stages, to values in
the range of approximately 380 gU/1 to 50 gU/1. As
is shown in Fig.2, the core tank was set in the
water-reflector pool tank, which was 202 cm wide,
402 cm long, and 240 cm high. The side walls and
the bottom plate of the reflector tank was 33 cm
above the bottom of the reflector tank. The shortest
distance between the side wall of the core tank and
the inner surface of the pool tank was 70 cm. The
tank was filled with water up to 15 cm above the top
of the core tank for the water-reflected condition.

The reactivity of the heterogeneous region of the
"1.5cm-pitch" decreases with uranium concentration,
while it increases in the "2.1 cm-pitch".2) The
reactivity of the homogeneous region increases as
the uranium concentration increases. Hence, in the
"2.1 cm pitch", the neutron multiplication factors
(keg-'s) increases with the uranium concentration.
However, in the "1.5 cm pitch", the reactivity
change with the uranium concentration depends on
the reactivity effects of both regions. As a
consequence, in the "1.5 cm-pitch", the reactivity of
surrounding homogeneous fuel solution region is
more dominant than that of the heterogeneous region,
and the variation of the critical solution height with
the uranium concentration becomes smaller than that
of the "2.1 cm-pitch".

Base plate

Level gauge
Safety-blade slit

Upper plate

Core tank

Grid plate

Zircaloy-4
end plug

Unit:

Fig.l Schematic of the core tank and fuel rod

Core tank

Neutron
detector

\

Neutron source
guide tube

Water-reflector
pool tank

202cm W
402cm L
240cm H

Fig.2

Horizontal view (Run368)

Horizontal view of a core tank and detectors in water-reflector pool tank
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The variation of critical solution heights with the
uranium concentration is shown in Fig. 3. The critical
solution heights of 41-66cm in the "2.1 cm-pitch" were
measured for the uranium concentrations of 363-51g/L,
while the heights of 41-56cm in the "1.5 cm-pitch"
were measured. The accuracy of the measurement was
±0.2mm.

3. Benchmark Calculation

80

75

J 70

-& 65

o

60

55

50

45

40

35

A 1.5cm-pitch
A 1.5cm-pitch
• 2.1 cm-pitch
O 2.1 cm-pitch

Unreflected
Water-reflected
Unreflected
Water-reflected

100 200 300 400

Fig.3 Measured critical water height

Benchmark calculations for the critical cores were
performed using continuous energy Monte Carlo codes.
The detailed model for calculation is shown in Fig. 4.
The model consists of the fuel solution, the fuel rods,
the grid plates, the core tank, and the water or air
around the core tank. In addition, the structures, the
devices around the core tank shown in Figs 1 and 2 and
the concrete wall of the room are considered in the model.

The luff's were calculated using both the MCNP4B with the JENDL-3.2 and MCNP4C with the
JENDL-3.3. The results are shown in Fig.5. The k,.ff's for unreflected and water-reflected conditions
showed nearly the same values at the same uranium concentration, and are summarized as follows :

Method
a.MCNP4C- JENDL3.3
b.MCNP4B- JENDL3.2

a.-b.

A. "2.1 cm-pitch"
0.999-1.001
1.004-1.007

-0.005—0.006

B."1.5cm-pitch"
0.997-1.000
1.002-1.007

-0.005~-0.007

A.-B.
0.002-0.001
0.002-0.001
0.0-0.001

2.1cm pitch

1.5cm pitch

Fuel
solution

Plan view (A«A!) Vertical view

Fig.4 Calculation model for core and core tank
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(1) The keff's for JENDL-3.3 were reduced by 0.005-0.007 compared to those of JENDL-3.2,
and approached to unity. The keff's overestimation of JENDL-3.2 were attributed to the
fission cross section of 235U, the fission spectrum of ^ U and the thermal cross section of
14N. These cross sections were adjusted in JENDL-3.3.

(2) The keff's were reduced by 0.0-0.002 in case of less moderation condition.
(3) The keff's also reduced with less uranium concentration.

1.010

I
|

•fi.005

: 1.000

LJJ

0.995

Standard deviation(1o)=0.0002

-t i-2.1cm pitch

MCNP4B-JENDL3.2

1.010

£1.005
Q.

I
=1.000

0.995

Standard deviation(1a)=0.0002

2.1cm pjtch
-o-1.5cm pitch

MCNP4B-JENDL3.2

100 200 300 400

Uranium concentration (g/L)
100 200 300 400
Uranium concentration (g/L)

Unreflected Water-reflected

Fig.5 Calculated effective neutron multiplication factor vs. uranium concentration

4. Summary

The critical experiments of basic heterogeneous STACY core were carried out for two types of
lattice pitches concerning the dissolver of the reprocessing facility for LWR spent fuel. The
criticality benchmark data were obtained in the cylindrical fuel rods array with 2.1-cm and 1.5-cm
square-lattice-pitch core configurations. The Monte Carlo calculations of keff's for detailed model
were carried out for both JENDL-3.2 and JENDL-3.3 libraries. The keff's agreed within 0.007 for
JENDL-3.2, while those for JENDL-3.3 were reduced compared to those of JENDL-3.2 and
approached to unity.
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10.15 Needs for Development of Criticality Safety Evaluation System

Kenya SUYAMA1', Hiroshi OKUNO1 and Yoshinori MIYOSHI1

'japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

This paper provides an outline of development of a new criticality safety
evaluation code system. The new system includes not only continuous energy
Monte Carlo codes MVP and MCNP but also JACS code system traditionally used
for criticality safety assessment of nuclear fuel cycle facility in Japan. The purpose
of the new code system development is criticality safety evaluation of spent nuclear
fuels taking burnup credit into account and error evaluation of criticality
calculations.

KEYWORDS: Criticality Safety, Code System, JACS, Continuous Energy Mote
Carlo Code, Burnup Credit

1. Introduction

JACS1* is the Japanese Criticality Safety Evaluation Code System developed by Japan Atomic
Energy Research Institute (JAERI) in 1982. It consists of several criticality calculation codes
including KENO-IV2) and Multi-Group Constants Library (MGCL)3) based on ENDF/B-IV4*. JACS
was used for compilation of the first version of Japanese Criticality Safety Handbook5* published in
1988. After its first release, MGCL had been revised using nuclear data libraries such as JENDL-36*
and JENDL-3.27*. And JACS system was transferred from mainframe computers that are compatible
with IBM system 360/370 to engineering workstations under the UNIX operating system.

The problems of the JACS are;

1. users should consider a file allocation used in a calculation sequence to organize connection
among codes,

2. JACS has no capability to show calculation geometries,
3. JACS does not include latest neutron transport calculation codes including continuous energy

Monte Carlo codes, which are widely used in the modern criticality safety evaluation,
4. JACS has no capability to evaluate several reactor physics constants such as kinetics

parameters for criticality accident analyses, and
5. we have no evaluation module of spent fuel isotopic composition used in burnup credit

applications in JACS.

Such kind of functions can be realized easily because we can use script of shells in the UNIX
operating system, and the state of the art of computer network allows us to transfer huge amount of
data and showing graphics on a computer display without any special equipments. Especially for point
4, considering a plan regarding the spent fuel management in Japan, the function in order to calculate
the isotopic composition of the spent fuel is crucial problem.

2. New Code System

Based on these considerations shown in section 1, we have a plan to develop and maintain a new
calculation code system. The schematic flow of the new code system is shown in Fig. 1. The proposed
system should have functions and contain modules shown below.

Corresponding author, TeL +81-29-282-5834, Fax. +81-29-282-6479, E-mail: kenya@cyclone.tokai.jaerLgo.jp
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1.

2.
3.

4.

6.

A controller to drive all codes in the new system that could be executed through a browser of the
World Wide Web (WWW).
A geometry viewer based on the WWW system.
Latest neutron transport codes including continuous energy Monte Carlo Code such as MCNP8)

and MVP9). Discrete ordinate codes such as DANTSYS10) or its latest update PARTISNn) are
also required.
A post-processor to evaluate reactor physics parameters including kinetic parameters. SIMCRI12)

is the current version to evaluate mem. It should be revised or new code system must be
developed for the purpose.
Evaluators of isotopic composition of spent nuclear fuel. SWAT13) and other codes such as
ORIGEN214) should be included. The isotopic composition should be transferred to a criticality
calculation stage automatically.
An error and sensitivity evaluation code. A new code system should be developed for the
purpose.

WWW(lnternetj

Control Module
Flow Control
Procedure Determination
Crrtlcollty Search

Input Data

Input data

Error/ Sensitivity Estimation Code

AGNES

Kinetics Code

! Isotopic Composition
Evaluation

• D a t a b a s e on initial
Isotopic Composition

• SWAT Code System
to evaluate spent fuel
isotopic composition

a T a v

A P -

Post Processor

Effective Group Cross
Section Preparation

SRAC95

Pij

MAIL3.2

MGCL Processing

Modules for multi group criticality calculation

DIF3D

Diffusion

DANTSYS

Discrete Oidlnate (1.2,3D)

Present JAC$)

MVP, MCNP
Continuos Energy
Monte Carlo

ANISN

Discrete Ordinate (ID)

KENO-IV, KENO-V.O . MULTI-KENO

Multi Group Monte Carlo

I SIMCRI. MUTUAL

Simple Criticality Evaluation

Results Formatting

Files from Codes

Keff
Neutron Spectrum
Adjoint Spectrum
M2...

Fig.l Calculation flow of a proposed code system for criticality safety evaluation

From the viewpoint of users, the current version of JACS should be reserved in the new system and
its full functions should be available. Current effort concerning the new code system development is
concentrated on the development of revised SWAT system, a code to evaluate spent fuel
composition

15,16) Because the current version of JACS and revised SWAT are executed on the
computers under the UNIX operating system, these programs and modules will be easily integrated.

Considering the other code systems in the field of nuclear engineering, the new system will be
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easily developed on current computer systems. However, the details of the new system should be
based on discussion with users, and their requests must be included in further development of the code
system.
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10.16 International Comparison of Criticality Accident Evaluation Methods
- Evaluation Plan of Super-critical Benchmark

Based on TRACY Experiment -

Yuichi YAMANE, Toshihiro YAMAMOTO and Yoshinori MIYOSHI

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

In order to evaluate criticality accident analysis codes, a criticality accident

benchmark problem was made based on the TRACY experiment. It is evaluated by

the contributors of the expert group on criticality excursion analysis, a group of

criticality safety WP of OECD/NEA/NSC. This paper reports the detail of TRACY

Benchmark I and II, and preliminary results of its analysis using AGNES ̂  code.

KEYWORDS: TRACY, Criticality Accident Benchmark Problem, AGNES,

Uranium nitrate solution

1. Introduction

For the last several ten years, a number of analysis codes have been developed in several countries

for the analysis of criticality accident to calculate the total fission yield, power, temperature and etc.

The accuracy of such code is evaluated by comparison to the

experiment. However, a few data of criticality excursion have been

available so far. Since the last criticality accident, increasing number

of the criticality accident evaluation for the fuel process, transport

and etc. are required.

In such circumstance, an activity of the international comparison

of criticality accident evaluation methods began at the expert group

on criticality excursion analysis, EGCEA, a group of criticality

safety WP of OECD/NEA/NSC. At the EGCEA, some criticality

accident benchmark problems based on the TRACY and SILENE

experiments have been presented and evaluated by some

contributors. The calculated values of the total fission yield, power,

temperature, are to be compared. This activity is expected to give

great benefit for the developmental work of participants.

JAERI has contributed to such activity by proposing the TRACY

Benchmark Problem I and II, and by evaluating those benchmarks

using one-point kinetics code, AGNES. This paper reports the detail

of TRACY Benchmark I and II, and preliminary results of its

analysis using AGNES ̂  code.

Fig.l TRACY core tank.
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2. TRACY Benchmark

The fuel solution is uranyl nitrate solution, which consists of uranyl nitrate [UO2(NO3)2], free nitric

acid [HNO3], and water [H2O]. The enrichment of a 5 U is 9.98 wt.%. The concentration of the total

uranium is in the range between 375 and 422 g/Lit. and the acidity of the solution is in the range

between 0.58 and 0.77 mol/Lit. The core tank in Fig.l is a cylinder made from SUS304, which inner

diameter is 50cm and its wall thickness is lcm. In its center there is a guide tube with 7.6cm outer

diameter for the transient rod, as shown in Fig.2. The fuel solution is pumped into the core tank from

its bottom. The experimental, data of the core power is measured using the detectors on the ceiling.

The benchmark I, TBMI, consists of 5 cases for which reactivity is inserted by pulse withdrawal of

the transient rod, and up to 3$ of excess reactivity is inserted. The benchmark II includes 3 cases for

which reactivity inserted by feeding fuel solution from the bottom of the core tank. The detail of each

case is shown in Table. In each experiment, free excursion continues several seconds or several

hundred seconds depending on the purpose of the experiment and no external neutron source is used.

The maximum power, total fission yields and etc. are the items to be evaluated for comparison.

Polyethylene: moderator for Fission chamber
OD47.0/ID7.0 mm
Length- 100mm
At 250mm from core bottom
(to the center)

Microwave level gauge
Guide tube : Zircaloy
OD22.94/t2.34

254

Thermocouples (Type-1)
Guide tube : SUS304L
OD25.2/ID19.4 mm

150

1875

80

550

Core thermometer
Pressure gauge

700

Fuel feed/drain line '
SUS304L
OD34.0/ID28.0

Neutron source guide tube 20
SUS304TP —<JE-.-_,
OD89.1/t4.0 f"

10

-3.5t

38.15

250

Core bottom

«-10t

405

(Unit: mm)

Fig.2 vertical and horizontal section view of TRACY core tank.

520

- 295 -



JAERI-Conf 2005-007

The fuel solution is uranyl nitrate solution, which consists of uranyl nitrate [UO2(NO3)2], free nitric

acid [HNO3], and water [H2O]. The enrichment of ̂ U is 9.98 wt.%. Tables 1 through 4 give standard

value of composition and atomic number density of materials.

Table 1: Fuel conditions and kinetic parameters at 25.5°C.

U-235 enrichment (%)
Uranium concentration (gU/L)
Acid morality (mol/L)
Solution height (cm)
Neutron multiplication factor [k^]
Effective delayed neutron fraction [8eff]

Prompt neutron life time [A] (sec)

9.98
390
0.77

50.88
1.0111

7.5xlO'3

4.6xlO'5

Table 2: Atom number density of the fuel solution with

the concentration of 390 gU/L at 25.5°C.

Nucleus
H
N
O

U235
U238

Number density (atoms/barn.cm)
5.7292xl0'2

2.4394xl0"3

3.77O8xlO"2

9.9622xl05

8.8823xl0'4

Table 3: Atom number density of SUS304L at 25.5°C.

Nucleus
C
Si
Cr
Mn
Fe
Ni
Si

Number density (atoms/barn.cm)

1.1939xlO4

1.7004xl0'3

1.7450xl0'2

1.7385xlO"3

5.7180xl0"2

8.9482xlO"3

4.4682xlO"5

Table 4: Atom number density of air at 25.5°C.

Nucleus
016
N14

Number density (atoms/barn.cm)

1.8789xlO"6

5.7238xl0'6

For the benchmark I, in each experiment, the reactivity is inserted by pulse withdrawal of the

transient rod, and there was no external neutron source. Table 1 shows the fuel condition and Table 2

shows the initial condition.
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Table 5:
ID
001
002
003
004
005

Solution fuel conditions at 25°C (Benchmark I).
Run NO.

100
143
72
196
203

I.R.W
0.30
0.70
1.10
2.00
2.97

U Conc.(gU/D| Acidity(N)
392.9
375.9
393.5
385.5
388.2

0.66
0.64
0.74
0.58
0.58

Table 6: Solution fuel conditions at 25°C (Benchmark I).

ID

001
002
003
004
005

Run NO.

100 s
143
72
196
203

Inserted
Reactivity($)

0.30
0.70
1.10
2.00
2.97

Initial state

Criticality
(Power)

Cri. (1W)
Sub
Sub
Sub

Cri. (1W)

Sol.
Level(mm)

508.52
551.83
537.05
582.50
623.76

Fuel Temp.
(°C)

26.2
24.8
26.2
25.9
26.1

Tr-rod
position

(mm)

471.7
0.0
0.0
0.0
0.0

For the benchmark II, in each experiment, the reactivity is inserted by pumping fuel solution into

the core tank, and no external neutron source was used either. Table 1 shows the fuel condition and

Table 2 shows the initial condition.

Table 7: Solution fuel conditions at 25°C.

ID | Run NO.
001
002
003

159
61
76

E.R.($;| U Conc.(gU/U
0.50
2.64
2.66

379.4
422.1
396.2

Acidity(N)
0.60
0.77
0.74

Table 8: Selected experiments and their initial states.

ID

001
002
003

Run NO.

159
61
76

Excess
Reactivity($)

0.50
2.64
2.66

Average
Insertion
Ratio ($/s)

0.15
0.05
0.18

Initial state

Criticality

Sub

Sol.
Level(mm)

400.16
400.00
400.33

Fuel Temp.
(°C)

26.4
25.8
25.6

Table 9: Feeding and solution level condition.

ID

001
002
003

Run NO.

159
61
76

E.R.($
)

0.50
2.64
2.66

rate
/T - i 1 • \

59
59
20

Feeding
Time (sec)

29.9
27.6
110.8

Criticality
Level (mm)

524.50
461.38
496.25

Final Level
(mm)

541.04
535.40
587.87
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dp
The reactivity insertion rate, — , can be estimated as follows;

dt
dp(t) C ..

dt

where C = 7.671 X 108 ( cent/mm2), X. = 102 mm, H(t) is the solution height (mm) and v is its rising

rate (mm/s).

3. Analysis using AGNES code

3.1 Calculation condition

The atomic number density is calculated using SST2) formula. Then kinetics parameters, (peff =

0.0076, A = 0.00004864s) and reactivity temperature effect (pt(cent) = -3.7578AT - 0.00544AT2) and

its void effect (pv(cent) = -43.7%V - 0.946%V2) are estimated using SRAC and TWODANT codes.

The reactivity insertion time was assumed to be 0.05s, which is almost the same as the time for the

transient rod passes through the full height of the fuel solution. The initial power density was assumed

to be lxl0"5W/m3 which is based on the data measured with some neutron detectors before reactivity

insertion with no external neutron source.

In each simulation, the temperature and void feedback reactivity coefficients were used with

weighting that denotes the effect of the no-uniform distribution of the temperature and the void, and its

value was 1.6 at the first. It changed to be unity exponentially with a time constant, TCT, which

denotes the effect of convection driven by buoyancy or bubbles. TCT was determined to be the same

order as the peak power profile for R100, R143, R72, and TCT = 500s, 80s and 30s, respectively. For

R196 and R203, the time scale of peak power was less than Is, however, TCT = 5s in consideration of

the time scale of free convection of fuel solution.

For the parameters that affect the creation of radiolytic dissociation gas void, the saturated

concentration of dissociation gas, CD, was 15 mol/m3. The generation rate of dissociation gas, G, was

6xlO"7 mol/J for the case with less than 1$ and 3xlO"7 mol/J for the case greater than 1$. Those values

are determined so that the power profile is reproduced for the best. The energy-void transfer

coefficient, v, was determined so that the experimental data could be reproduced for the best and was

5xl0"n m6/J/mol through all cases.

3.2 Result

Fig.3 shows a typical result of the analysis using AGNES code developed in JAERI, and it shows

good agreement with the experiment. This is due to that the maximum inverse period was well

reproduced by the simulation, and the difference was 3%.

The calculation results for all cases are summarized in Table 10. The maximum inverse period was

reproduced with the difference of less than 10%. The first peak power was reproduced with the

difference of less than 6%. For the total released energy, the difference is less than 16%. The

difference for the released energy was rather larger than that for the peak power, because the reactivity

effect of radiolytic dissociation gas void was large after power peak. The difference for the final

temperature was up to 13%, which is in the same order for the total energy.
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Table 10 Summary of calculation result

Case
Items

Max. Inverse Period (s~ )

Time to 1st Peak (s)

Power (5), Is ' Peak (w)
Total Energy (J)
Final Temperature (°C)
Maximum Pressure

R100(0.3S)
B. MARK] AGNES

6.51E-02
189.39

3.16E+04
4.20E+06

36.2
-

6.34E-02
184.29

3.34E+04
3.99E+06

35.6
-

C/E

0.97
0.97
1.06
0.95
0.98

-

R143(0.7S)
B. MARK

6.29E-01
39.313

3.72E+05
4.80E+06

35.8
-

AGNES

6.93E-01
39.021

3.41E+05
4.95E+06

36.4
-

C/E

1.10
0.99
0.92
1.03
1.02

-

R72(l.l$)
B. MARK) AGNES

2.55E+01
1.5756

1.44E+07
1.03E+07

50.8
-

2.77E+01
1.5727

1.47E+07
1.19E+07

54.74
-

C/E

1.09
1.00
1.02
1.16
1.08

-

Case
Items

Max. Inverse Period (s" )

Time to Is ' Peak (s)

Power (a), Is' Peak (w)
Total Energy (J)
Final Temperature (°C)
Maximum Pressure

R196(2.0$)
B. MARK| AGNES

1.69E+02
0.344

5.66E+08
1.11E+07

51.5
3.04E-01

1.70E+02
0.3451

5.69E+08
1.25E+07

52.39
3.30E-01

C/E

1.01
1.00
1.01
1.13
1.02
1.09

R203(2.97S)
B. MARK

3.34E+02
0.1854

2.08E+09
2.03E+07

66.7
8.95E-01

AGNES

3.34E+02
0.1874

2.00E+09
1.80E+07

61.43
1.01E+00

C/E

1.00
1.01
0.96
0.89
0.92
1.13

1.E+05

1.E+04

1.E+03

° 1.E+02

1.E+01

Experiment
—Analysis

CD

O
Q_

1. E+00 mMA1 '—•• ' ' ' ' -

0 100 200 300 400 500 600
Time(s)

Fig.3 Results of TRACY Benchmrak I (R100).

4. Summary

The AGNES reproduces the Benchmark I with less than 20% difference. The analysis for the

Benchmark II will be done in 2005.

S.References
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10.17 Ambient dose assessment around TRACY using deterministic methods

Yasuhisa OKUDA*, Minoru MURAZAKI and Yoshinori MIYOSHI
Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Ambient dose was measured in the Transient Experiment Critical Facility
(TRACY) supercritical experiments. In the analyses, The DORT code, the ANISN
code and the MCNP code were used. Ambient dose equivalent calculated with
DORT and ANSIN were compared to results calculated with MCNP. So we found
that ambient dose equivalents calculated with DORT and ANISN, is larger than
ones of MCNP, by 7~50%. As a cause of this difference, we estimate that it is the
difference of calculated source distribution inside the fuel solution, and that it is
reflecting effect in wall. In following study, examination concerning this point is
necessary.

KEYWORD: Dose, Deterministic method, DORT, ANISN, MCNP, TRACY

1. Introduction

The ambient dose is one of basic quantities to characterize a nuclear fuel material. The ambient dose
was measured in the Transient Experiment Critical Facility (TRACY) supercritical experiments^. In
the analyses, a continuous energy Monte Carlo code, MCNP2), was used. MCNP has a few
approximations, but needs a long calculation time. So we tried to use codes with deterministic
methods, a two-dimensional transport code, DORT3), and a one-dimensional transport code, ANISN4).
And ambient dose equivalent, H*(10), calculated with DORT and ANSIN were compared to results
calculated with MCNP.

2. Calculation Method

The calculations of the ambient doses used a
continuous energy Monte Carlo code, MCNP
version 4C2 (MCNP4C2), a two-dimensional
transport code, DORT, and a one-dimensional
transport code, ANISN, together with a nuclear
data library, JENDL-3.35). Calculation flow is
shown in Fig. 1.

The calculation types for MCNP, DORT and
ANISN were static eigenvalue calculations. It
was specified by the KCODE option of the
MCNP, by the KTYPE parameter of DORT set
to 1, .by the IEVT parameter of ANISN set to
1.

The energy group structure for DORT and
ANISN was VITAMIN-J type (neutron 175
groups, photon 42 groups). The cross section
library for DORT and ANISN was the
M A T X S L I B - ^ based on JENDL-3.3.

3. Model and Results

A bare core system of TRACY, Run No.286,
was analyzed. Geometric models were R-Z
cylinder for DORT, sphere for ANISN, cylinder
and sphere for MCNP. A calculation model of
TRACY was constructed with a core tank of

Evaluated Nuclear
Data Library
JENDL-3.3

~~ I '

Continuous Energy
Cross Section Library

for MCNP

MCNP
continuous

energy
Monte Carlo
calculation

MATXS Cross Section
Library

(Neutron 175,
Photon 42 erouDs)

TRANSX-2.15
interfacing

MATXS cross
section libraries

to nuclear
transport codes

Libraries for discrete
ordinate multi-group

transport codes
(Neutron 175,

Photon 42 erouDs)

DORT
two dimensional
discrete ordinate

multi-group
transport

calculation

ANISN
one dimensional
discrete ordinate

multi-group
transport

calculation

Fig.l Calculation flow

E-mail: okuda@cyclone.tokai.jaeri.go.jp
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TRACY, support of a core tank, wall, floor and
ceiling. The calculation model for cylindrical
geometry is shown in Fig. 2. In order to except
a dose reflected at wall, floor and ceiling
(reflected dose; see Fig. 2), we calculated
without those, too. Estimators were located at
170cm above a floor, at 0.3 ~ 6m from a
surface of a core tank.

The fluence-to-ambient dose equivalent
conversion factors are shown in Fig. 3 and 4.

The results of the calculation are shown in
Fig. 5, 6, 7, 8, 9 and 10. Total neutron ambient
dose equivalents, H*(10), calculated with
DORT were larger than ones of
MCNP(cylinder) by 10~31%.(Table 1) Total
photon doses calculated with DORT were
larger than ones of MCNP(cylinder) by 7 ~
14%.(Table 2) Total neutron doses calculated
with ANISN were larger than ones of
MCNP(sphere) by 14~50%.(Table 1) Total
photon doses calculated with ANISN were
larger than ones of MCNP(sphere) by 8 ~
22%.(Table 2) Reflected doses were almost
constant regardless of distance from a core
tank.(Fig. 9 and 10)

1210 -j

1020

202.53 \
193.78

o « oin o)
• * 00 O O

Fig.2 Calculation model for cylindrical geometry
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Fig.3 Neutron ambient dose equivalent
per unit fluence
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Fig.4 Photon ambient dose equivalent
per unit fluence
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Table 1 Neutron ambient dose equivalent ratio

DORT/MCNP
(Cylinder)

ANISN/MCNP
(Sphere)

Direct

1.10

1.14

Reflected

1.26-1.60

1.63-1.74

Total

1.10-1.31

1.14-1.50

Table 2 Photon ambient

DORT/MCNP
(Cylinder)

ANISN/MCNP
(Sphere)

Direct

1.06

1.07

dose equivalent ratio
Reflected

1.28-1.37

1.35-1.41

Total

1.07-1.14

1.08-1.22
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4. Conclusion

In present study we found that ambient dose equivalents, H*(10), calculated with codes using
deterministic methods, DORT and ANISN, is larger than ones of a continuous energy Monte Carlo
code, MCNP, by 7~50%. As a cause of this difference, we estimate that it is the difference of
calculated source distribution inside the fuel solution, and that it is reflecting effect in wall. In
following study, examination concerning this point is necessary.

Reference

1) H. Sono, H. Yanagisawa, A. Ohno, "Measurement of Neutron and Gamma-Ray Absorbed Doses
under Critical Accident Conditions at TRACY using Tissue-Equivalent Dosimeters," Nuclear
Science and Engineering 139,209 (2001).

2) J. F. Briesmeister, Ed., "MCNP - A General Monte Carlo N-Particle Transport Code, Version 4C,"
LA-13709-M(2000).

3) M. B. Emmett, W. A. Rhoades, R. L. Childs, and J. O. Johnson, the DORT section of "A User's
Manual for MASH 1.0 - A Monte Carlo Adjoint Shielding Code System," ORNL/TM-11778 (1992).

4) W. W. Engle, Jr., "ANISN, A One-Dimensional Discrete Ordinates Transport Code with Anisotropic
Scattering," K-1693 (March 1967).

5) K. Shibata, T. Kawano, T. Nakagawa, O. Iwamoto, J. Katakura, T. Fukahori, S. Chiba, A. Hasegawa,
T. Murata, H. Matsunobu, T. Ohsawa, Y. Nakajima, T. Yoshida, A. Zukeran, M. Kawai, M. Baba, M.
Ishikawa, T. Asami, T. Watanabe, Y. Watanabe, M. Igashira, N. Yamamuro, H. Kitazawa, N. Yamano
and H. Takano, "Japanese Evaluated Nuclear Data Library Version 3 Revision-3: JENDL-3.3," J.
Nucl. Sci. Technol. 39, 1125 (2002).

6) K. Kosako, N. Yamano, T. Fukahori, K. Shibata and A. Hasegawa, "The Libraries FSXLIB and
MATXSLIB Based on JENDL-3.3," JAERI-Data/Code2003-011 (2003).

- 303 -



JP0550467
JAERI-Conf 2005-007

10.18 Development of a Database System for Hypothetical Criticality Accident
Evaluation of MOX Fuel Fabrication Facility

Tomoyuki TAKADA1, Hiroshi OKUNO1, Yoshinori MIYOSHI1, Kazuo TAMURA2

'japan Atomic Energy Research Institute, Tokai-mura, Ibaraki-ken, 319-1195 JAPAN
2CRC Solutions Corp., 2-7-5 Minamisuna, Koto-ku, Tokyo 136-8581 JAPAN

A system has been developed at JAERI, which includes a database that supports the
analysis of criticality accident evaluation codes. In this system, which is accessible
through LAN, free software PostgreSQL is used as database management system and
Tomcat 5.0 is adopted as a Web server. The main functions of this database system are:

• to generate input data for criticality accident evaluation codes,
• to control execution of criticality accident evaluation codes,
• to process the output of criticality accident evaluation codes,
• to update the database,
• to survey information,
• to display graph output.

The following analytic parameters have been stored on the database for various MOX
fuel conditions.

static parameters : k-infinity, critical mass, critical diameter, critical volume
kinetic parameters : delayed neutron fraction, life time, decay constant

KEYWORDS: MOX, criticality accident, database, static parameters, kinetic parameters

1. Introduction
Criticality safety issues related to a mixed uranium and plutonium oxide (MOX) fuel fabrication

facility have been studied at the Japan Atomic Energy Research Institute under the entrustment of the
Ministry of Economy, Trade and Industry. As a part of the study, data about the criticality and
transient characteristics of MOX powder have been collected, and stored on a database.

The criticality accident evaluation codes supported by this system are the one-point kinetics code
AGNES-P, two-dimensional kinetics code DOCTRINE, etc., which run on EWS and evaluate
characteristic quantities involved in hypothetical criticality accidents of MOX fuel powder. The
system selects static and kinetic parameters from the database, interpolates them to adapt to the
corresponding fuel conditions from the selected parameters, and creates input data to the hypothetical
criticality accident evaluation code. This system can also plot on the screen and store on the database
the following output of the selected code: power, period, total reactivity, Doppler reactivity,
fuel-averaged effective temperature, average void fraction and so on. This paper presents an outline of
the database system, which is still under development.

2. Overall system structure
The database system is accessed through LAN and any user can execute critical accident

evaluation codes. The input and output data of the codes can also be stored and referred to the
database. The system structure is shown in Figure 1. At first, user inputs the data of codes by using a
web browser, referring to the kinetic and static parameters for various MOX fuel conditions. The end
of calculation on EWS, the output is stored on the database for future reference.
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Database
In PC Server

• input data of code
•kinetic parameter
•static parameter
•code output
• material properties

PC Server
• Windows
• DBMS PostgreSQL
•Web Server:

Apache TomcaB.O
• JavaServerPage(JSP2.0)
• Java(J2SE 1.4.2)

Workstation

Hypothetical CrlUcality
Accident Evaluation Codes

• DOCTRINE
• AGNES-P

LAN

| WebBrowMf | | WebBrowaw WebBrow»ef|

Fig. 1 Outline of a database structure

3. Parameters
The static and kinetic parameters have been stored on the database for various MOX fuel

conditions. The MOX bulk density ranges between 2.0 and 6.0g/cm3. The plutonium content varies
between 18 and 60wt%. The fissile content of plutonium is about 83wt%.

(l)Static parameters
For calculation of the critical values of MOX fuel, i.e., critical mass, volume and diameter of

sphere are modeled so that the fuel region as reflected by water. These calculations were performed by
Monte Carlo code MVP1*, and JENDL-3.3 library2* was used. Figure 2 shows the critical mass of
MOX in 30wt% Plutonium content with reflection by 30cm-thickness of water.
(2)Kinetic parameters

The calculations of kinetic parameters were performed by SRAC code3) and TWODANT code in
the DANTSYS4) code system, and JENDL-3.3 library was used. The criticality search option of the
TWODANT code was utilized to find the critical radius of cylinder, of which the fuel height is
between 60cm and 210cm. The p-effective and prompt neutron lifetime of homogeneous mixtures of
MOX powder and zinc stearate at 30wt% Pu content in MOX fuel are shown in Figures 3 and 4,
respectively.

4. Sample output
Sample outputs for hypothetical criticality accident evaluation of MOX fuel fabrication facility

from the database are shown below. As a hypothetical criticality event, 640kg of MOX powder, of
which Pu content is 50wt%, and 77kg of zinc stearate as additive, are mixed in the cylindrical tank
(diameter: 54cm, height: 116cm). After 10 seconds of a ramp reactivity insertion to the initial critical
state, a critical event occurs. In this case, total fission number is about 2.6 X 1018. Figure 5 shows
power (W) versus time and Figure 6 shows the calculation results of temperature versus time as
calculated results with AGNES-P code.
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Fig.2 Critical mass of homogeneous mixtures of MOX powder and zinc stearate [Pu/(Pu+U):30wt%]
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Fig.3 P-effective of homogeneous mixtures of MOX Fig.4 Lifetime of homogeneous mixtures of MOX
powder and zinc stearate [Pu/(Pu+U):30wt%] powder and zinc stearate [Pu/(Pu+U):30wt%]
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Fig.6 Sample results of temperature versus time calculated with AGNES-P code
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5. Conclusion
The criticality data and the data on transient characteristics of MOX powder were collected, and

they have been stored on the database. The database system will be updated by storing new data and
by evaluating the criticality accidents more effectively.
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10.19 Safety Demonstration Analyses on Criticality for Severe Accident during Overland
Transport of Fresh Nuclear Fuel

Satoshi Takahashi1*, Hiroshi Okuno1, Kenji Yamada1, Kouji Watanabe1, Yasushi
Nomura1 and Yoshinori Miyoshi1

]Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Criticality safety analysis was performed for transport packages of uranium dioxide powder15 or of
fresh PWR fuel involved in a severe accident during overland transportation, and as a result,
sub-criticality was confirmed against impact accident conditions such as loaded by a drop from high
position to a concrete or asphalt surface, and fire accident conditions such as caused by collisions with
an oil tank trailer carrying lots of inflammable material in open air, or with a commonly used
two-ton-truck inside an unventilated tunnel.

KEYWORDS: nuclear fuel, transport package, criticality safety analyses, neutron absorption,
continuous energy Monte Carlo code

1. Introduction
In order to create the accident scenarios, actual transportation routes were surveyed, accident or

incident records were tracked, the international radioactive material transport regulations such as
IAEA rules were investigated. The impact accident scenarios were set up to define the impact against a
concrete or asphalt surface. For fire accident scenarios to be set up, collisions were assumed to occur
with an oil tank trailer carrying lots of inflammable material in open air, or with a commonly used
two-ton-truck inside a tunnel without ventilation.

Criticality safety analyses were made for two types of fuel transport packages: those for uranium
dioxide powder and for fresh PWR fuel. The transport package for uranium dioxide powder is
composed of the nine stainless steel inner cylinders and one outer container. The outline of the
transport package for UO2 powder is shown in Fig.l. The transport package for fresh PWR fuel is the
product made of stainless steel cylinder cases containing two fuel assemblies inside. The outline of the
transport package for fresh PWR fuel is shown in Fig.2.

Heat Insulating Material Outer ContainertLid)

Cushioning Material

Fig.l Outline of transport package for UO2 powder.

Corresponding author, Tel. +81-29-282-5103, Fax. +81-29-282-6479, E-mail:
takahashi@cyclone.tokai.jaeri.go.jp
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Stacking bracket

Upper case

Heat-insulating Material —

Arched Clamp
U support —

Upper gate —

Lower case

Gasket

Skid

Fig.2 Outline of transport package for fresh PWR fuel.

2. Method
Following the postulated accident scenarios, the mechanical damages were analyzed by using the

general-purpose finite element code LS-DYNA with three-dimensional elements to describe cask
geometry. Then the thermal safety was analyzed by using the general-purpose finite element code
ABAQUS with three -dimensional elements. Criticality calculations were executed by combining the
continuous energy Monte Carlo code MVP2) and JENDL-3,23\ The number of calculated histories of
the MVP code was more than 3 million (the number of generated neutrons : 5000 histories/generation,
the number of calculated generations: 650, the number of skipped generations : 50).
2.1. The calculation model of uranium dioxide powder

The composition data of the structure material of the transport package for UO2 powder are shown
in Table 1. The main premises for analysis are shown below.

• Nuclear material : 5wt% 235U enrichment, density 4.5g/cm3, water content 5wt%
• Neutron absorber : 0.38mm thick neutron absorption board
• Thermal insulation is not taken into consideration for conservative assumption.

Table 1
Element

H
C
N
O
Si
Cd
Mn
Fe
Cr
Ni

Density(g/cm3)

Typical composition(wt%) of structural materials
Stainless

steel4)

0.08

1.00

2.00
68.595
19.00
9.25
7.9

Neutron
absorber5)

95.0

8.65

Neutron
moderator6*

14.37
85.63

0.92

Cushioning
material

6.0
50.0
4.0
14.0

0.10

The severe accident conditions are based on the results of the drop impact analysis and the heat
safety analysis as shown below.

• By the drop impact, the distance between the centers of a cylinder is shortened by a maximum
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of 48mm.
• Under the influence of heat, the cushioning material inside the outer container is burned

down.
• Under the influence of heat, composition of the moderator surrounding the inner cylinder

changes partially.
• Even under severe accident conditions, water does not intrude into UO2 powder.

Since the inside of the transport package was made to be filled up with cushioning material, the
effect under the influence of heat is more severe than that of the drop impact. It was assumed that the
outer container would not maintain leaktightness because the cushioning material was burnt down due
to the fire. Moreover, the neutron moderator surrounding inner cylinders was assumed to be partially
lost. The typical calculation model is shown in Fig.3.

Fig.3 Typical calculation model of transport package for UO2 powder.

2.2. The calculation model of fresh PWR fuel
The composition data of the structure material of the transport package for fresh PWR fuel are

shown in Table 2. The main premises for analysis are shown below.
• PWR fuel material : 5wt% 235U enrichment, pellet diameter 8.19mm, pellets density

10.63g/cm3, water content lOOppm, cladding diameter 9.50mm, 17x17 fuel rods array type
• Neutron absorber : 4.5mm thick neutron absorption board
• Thermal insulation is not taken into consideration for conservative assumption.

Table2 Typical composition(wt%) of structural materials
Element

H
B
C
Si
Zr
Mn
Fe
Cr
Ni

Density(g/cm3)

Stainless
steel4)

0.08
1.00

2.00
68.595
19.00
9.25
7.9

Zircaloy-46)

98.24

6.56

Neutron
absorber75

1.00

70.50
19.00
9.50
7.76

The severe accident conditions are based on the results of the drop impact analysis and the heat
safety analysis as shown below.
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• By the drop impact, the impacted side of the outside container is sunk by a maximum of
110mm.

• By the drop impact, the separating distance between a neutron absorption board and a fuel
assembly is widened by a maximum of 2mm.

• Under the influence of heat, the gasket between lower and upper cases is burned down.
• The shock mount supporting fuel assemblies receives damage according to severe accident

conditions, however, the strong back structure material does not receive damage, and fuel pins
does not fail, either.

Since the inside of a transport package was not made to be filled up with cushioning material, the
effect under the drop impact is more severe than that of the influence of heat. It was assumed that the
shock mount by the drop impact, not able to fix the position of the strong back, increasing the distance
between a fuel assembly and a neutron absorption material. Moreover, the upper and lower cases were
supposed not to maintain leaktightness by a uniform deformation of the transport package in the
horizontal direction or in the perpendicular direction. The typical calculation model is shown in Fig.4.

Fig.4 Typical calculation model of transport package for fresh PWR fuel.

3. Results
3.1. Uranium dioxide powder

Criticality calculations were performed under the conditions stated in Section 2.1 by changing a set
of parameters with the results that the k eff's were all less than 0.95. In these calculations, the neutron
moderator indicated in Fig.3 was parametrically changed. The results of calculations for a single unit
system and an infinite array system are shown in Fig.5 with the water density in void : 0g/cm3 and the
neutron moderators of eight cylinders : all loss, leading to the maximum k eff of the system.

0.8

0.7

0.6

0.5

0.4

0.3

UO2 : density 4.5g/cm , water content 5wt%

Ui Single unit,void water density Og/cc
SI Single unit.void water density lg/cc
D TnFmite array.void water density Og/cc
: Infinite array,void water density 1 g/cc

Normal Partial loss All loss

Moderator condition oi the outside 8 cylinders

Fig.S k eff's calculation versus the neutron moderators condition change.
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3.2. Fresh PWR fuel
Criticality calculations were performed by changing a set of parameters under the conditions stated

in Section 2.2 with the results that the k eff's were all less than 0.95. In these calculations, the distance
between the fuel assembly and the neutron absorption board indicated in Fig. 4 was parametrically
changed. The results of calculations for an infinite array system are shown in Fig.6 with the depth of
deformation of outer container : 265mm, the water density in void : lg/cm3 and the distance of the
neutron absorption board and the fuel assembly : 10mm, leading to the maximum k eg of the system.

1.1

1.0

0.9

Infinite array, deformation depth 265mm,

.+
£0.8

\ — — ^ Absorber distance 0mm
- - - - Absorber distance 10mm( f )
- -A- -Absorberdistance 10mm(—>)
- -o- - Absorber distance 10mm( f —>)

i
•

* > *

.

>>

0.7

0.6

0.5
0 0.2 0.4 0.6 0.8 1

Water dens ity(g/cc)

Fig.6 k etf's calculation versus the water density.

4. Conclusion
Criticality safety analyses were performed for transport packages of uranium dioxide powder and

fresh PWR fuel involved in severe accidents during overland transportation. Sub-criticality for these
packages was confirmed even under a severe accident condition such as loaded by a large scale fire, a
tunnel fire or a drop from high position. The analyses were conducted as part of the Safety
Demonstration Analyses for Transport Packaging for Nuclear Material under contract with the
Ministry of Economy, Trade and Industry of Japan.
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10.20 Measurement of Neutron and Gamma-Ray Absorbed Doses
inside Human Body in Criticality Accident Situations

Using Phantom and Tissue-Equivalent Dosimeters

Hiroki SONO1*, Takuji KOJIMA2, Noboru SORAMASU3 and Fumiaki TAKAHASHI1

'Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan
2Japan Atomic Energy Research Institute, Takasaki-shi, Gunma 370-1292, Japan

3Matsushita Industrial Information Equipment Co., Ltd., Toyonaka-shi, Osaka 561-0854, Japan

Personal dosimeters provide a fundamental evaluation of external exposures to
human bodies in radiation accidents. For emergency medical treatment to heavily
exposed patients, the evaluation of dose distribution inside the body has been tried
by computational simulations. Experimental data on dose distributions inside the
body are necessary for accurate simulation of human dosimetry, particularly in
complex radiation fields of neutrons and gamma-rays such as criticality accidents.
A preliminary experiment on the human dosimetry was carried out at the Transient
Experiment Critical Facility (TRACY) to acquire such experimental data in
criticality accident situations. A combined use of two kinds of tissue-equivalent
dosimeters together with a human phantom was employed to measure neutron and
gamma-ray absorbed doses inside the body.

The neutron and gamma-ray absorbed doses measured on the phantom were
found to be in roughly the same level as those averaged over the phantom inside or
those measured in free air. The dose distributions measured inside and on the
phantom could be qualitatively interpreted from reflection and attenuation of
neutrons and gamma-rays in the phantom, neutron-induced secondary gamma-rays
emitted in the phantom, and so forth.

KEYWORDS: personal dosimeter, external exposure, human dosimetry, neutron,
gamma-ray, criticality accident, TRACY, tissue-equivalent dosimeter, phantom

1. Introduction

Personal dosimeters provide a fundamental evaluation of external exposures to human bodies in
radiation accidents. Emergency medical treatment to heavily exposed patients requires accurate
evaluation of exposures inside their bodies. The evaluation of dose distribution inside the body has
been tried by computational simulations using numerical human phantoms.1} Experimental data on the
relation between the doses inside and on various phantoms are necessary for accurate simulation of
human dosimetry. Such data, however, have not been sufficiently supplied, particularly in complex
radiation fields of neutrons and gamma-rays such as criticality accidents. A major cause behind
insufficient supply of the experimental data is a difficulty in the human dosimetry, which involves
correcting the difference in energy-dependent sensitivity to radiations between the body tissue and
ordinary detectors (e.g., glass and activation foil).

The authors had proposed a dosimetry method for measuring neutron and gamma-ray absorbed
doses to human muscle tissue by a combined use of two kinds of tissue-equivalent dosimeters: an
alanine (CH3CH(NH2)COOH) dosimeter and a thermoluminescent dosimeter made of enriched lithium
tetra borate (hereinafter called '7Li2

11B4O7 TLD'). The application of the method to radiation accident
dosimetry had been validated in criticality accident situations up to about lxlO18 fissions.2) In the
present work the method together with a human phantom was employed to acquire experimental data
on dose distributions inside the body exposed in criticality accident situations. A preliminary
experiment on the human dosimetry was carried out at the Transient Experiment Critical Facility3)

(TRACY) in the Japan Atomic Energy Research Institute (JAERI).

Corresponding author, Tel. +81-29-282-6188, Fax. +81-29-282-5937, E-mail: sono@nucef. tokai.jaeri.go.jp
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2. Experiment

2.1 Experimental Facility and Conditions

TRACY is a pulse-type reactor to study criticality accident phenomena of solution systems
containing fissile uranium. A 10-wt%-enriched uranyl nitrate solution is used as fuel, whose
compositions are close to those of solutions treated in commercial reprocessing plants.

A schematic diagram of the TRACY core tank is illustrated in Fig. 1. The core tank of TRACY is a
stainless-steel cylinder with a guide tube of a transient rod for reactivity control. The transient rod,
made of natural boron carbide, is driven vertically along the guide tube without contacting the fuel in
the tank to initiate a pulse operation. The pulse operation can create criticality accident situations up to
lxlO18 fissions (=32 MJ in energy) by an excess reactivity of 3 $ at maximum.

The fuel conditions in the present experiment, measured at a temperature of 25 °C, were 405.2 gU/£
in uranium concentration, 0.63 mol/£ in free nitric acid molarity, and 1.562 g/cm3 in density. The
initial conditions of the TRACY pulse operation were controlled at 35.3 °C in solution temperature,
52.58 cm in solution level in the core tank, and 1.5 $ in excess reactivity. The peak power of the initial
burst and the integrated power over the duration of the pulse operation were 1.9><108 W and 6.8 MJ,
respectively. The power variation with lapse of time during the pulse operation is shown in Fig. 2.

,inner diam. 50.046
outer diam. 52.146

\inner diam. 6.904
outer diam. 7.618

— Top plate

- Guide tube of
transient rod

- Side wall

- Fuel solution

- Bottom plate

— Support

(unit: cm)

Fig. 1 Schematic diagram of TRACY
core tank.

Lapse of time
after withdrawal of transient rod (s)

Fig. 2 Power variation with lapse of time during
pulse operation.

2 Dosimetry

Simple and practicable measurement separating neutron and gamma-ray absorbed doses to human
body is made by the combined use of an alanine dosimeter4>a) and a 7Li2

nB4O7 TLD,5>b) as follows.2)

Alanine is a kind of amino acid and equivalent to human muscle tissue in sensitivity to both neutrons

A polymer-alanine dosimeter named Aminogray, manufactured by the Hitachi Cable Ltd. in collaboration with
JAERI.
Model UD-813PQ15, manufactured by the Matsushita Industrial Information Equipment Co., Ltd.
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and gamma-rays. Lithium tetra borate is equivalent to the muscle in sensitivity to gamma-rays because
its effective atomic number, 7.26, is very close to that of the muscle, 7.42. The 7Li2UB4O7 TLD,
containing neither 6Li nor 10B which have large cross-sections for neutrons,0 is sensitive almost only to
gamma-rays. The neutron absorbed dose to the muscle, accordingly, can be determined by deducting
the gamma-ray absorbed dose measured by the 7Li2nB4O7 TLD from the sum of neutron and
gamma-ray absorbed doses measured by the alanine dosimeter.

The absorbed doses measured by the alanine dosimeter and the 7Li2UB4O7 TLD were read out using
an electron spin resonance spectrometer 4ld) and thermoluminescence reader,6 respectively. Both
dosimeters were calibrated at a ^Co gamma-ray field traceable to the national standard6) in the dose
range from 25 to 1,000 Gy to water.

A polymethyl-methacrylate vessel filled with water (30 cmw * 15 cmd x 30 cmh) was used as a
phantom of human thorax. The alanine dosimeter and the 7Li211B4O7 TLD were attached on surfaces
and inside of the phantom. The phantom was irradiated at about 2 m away horizontally from the
TRACY core tank on the fuel solution level in the tank, where direct rays from the core were
dominant to scattered rays from room walls and other components in the TRACY reactor room. The
arrangement of the phantom in the reactor room is illustrated in Fig. 3.

3. Result and Discussion

The neutron and gamma-ray absorbed doses to the muscle measured inside and on the phantom are
compared with those measured in free air (i.e., without phantom) at TRACY to examine the difference
in dose distribution between the inside and the outside of the phantom. A spatial variation of the
neutron and gamma-ray absorbed doses inside and outside the phantom is shown in Fig. 4. The
neutron absorbed dose was obtained as the difference in measured dose between that by the alanine
dosimeter and the 7Li2UB4O7 TLD.

The measured dose distributions clarified a quantitative relation between the absorbed doses inside
and on the phantom and those in free air at TRACY with precisions (one standard deviation) of
6-12 % in the sum of neutron and gamma-ray, 9-17 % in gamma-ray, and 10-18 % in neutron. A
comparison of the neutron and gamma-ray absorbed doses between the inside and the outside of the
phantom is summarized in Table 1. The neutron and gamma-ray absorbed doses measured on the
phantom were found to be in roughly the same level as those averaged over the phantom inside or
those measured in free air.

The dose distributions measured inside and on the phantom show (1) a rise in neutron and
gamma-ray absorbed doses on the front surface of the phantom, (2) a steady decrease in the sum of
neutron and gamma-ray absorbed doses with depth, and (3) a difference in dose distribution with
depth between neutron and gamma-ray. The observations (l)-(3) can be qualitatively interpreted from
the following contributions: (a) neutrons and gamma-rays reflected from the phantom, (b) radiation
attenuation by water in the phantom, (c) neutron-induced secondary gamma-rays emitted in the
phantom, thermalization of neutrons incident on the phantom by water, and pseudo gamma-ray doses
resulting from neutron-capture reactions of impurities (e.g., 6Li and 10B) in the 7Li2

uB4O7 TLD
element, respectively.

c The isotopic compositions of both *Li and 10B in the 7Li2
11B4O7 TLD are less than 0.05 wt%.

d Model JES-RE2X, manufactured by the Japan Electron Optics Laboratory Co., Ltd. (JEOL).
c Model UD-710P, manufactured by the Matsushita Industrial Information Equipment Co., Ltd.
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Fig. 3 Arrangement of phantom in TRACY reactor room.
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Spatial variation of absorbed doses inside and outside phantom. The doses outside the
phantom had been measured in free air at TRACY by the combined use of the alanine
dosimeter and the 7Li2UB4C>7 TLD.2)

Table 1 Comparison of absorbed doses between inside and outside of phantom.

Absorbed dose to muscle

Sum of neutron and gamma-ray

Gamma-ray

Neutron

Average of
phantom inside: A

1.5Gy/MJ

1.2Gy/MJ

0.3Gy/MJ

Front surface: B
(=B-A)

2.1 (+0.6) Gy/MJ

1.3(+0.1)Gy/MJ

0.8 (+0.5) Gy/MJ

Back surface: C
(=C-A)

0.9 (-0.6) Gy/MJ

0.5 (-0.7) Gy/MJ

0.4 (+0.1) Gy/MJ

4. Concluding Summary

A preliminary experiment was carried out at the Transient Experiment Critical Facility (TRACY) to
acquire experimental data on dose distributions inside human bodies exposed in criticality accident
situations. A combined use of an alanine dosimeter and a thermoluminescent dosimeter made of
enriched lithium tetra borate (7Li2

nB4O7 TLD) together with a human phantom was employed to
measure neutron and gamma-ray absorbed doses to muscle tissue inside the body.

The measured dose distributions clarified a quantitative relation between the absorbed doses inside
and on the phantom and those in free air at TRACY. The neutron and gamma-ray absorbed doses
measured on the phantom were found to be in roughly the same level as those averaged over the
phantom inside or those measured in free air.

The dose distributions measured inside and on the phantom could be qualitatively interpreted from
reflection and attenuation of neutrons and gamma-rays in the phantom, neutron-induced secondary
gamma-rays emitted in the phantom and neutron-induced pseudo gamma-ray doses in the 7Li2HB4O7

TLD element.
Their further interpretation will be required to provide a computational simulation method based on

the doses measured by personal dosimeters in criticality accident situations.
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10.21 Study on Evaluation Method of Radionuclides Discharged in Criticality
Accident Using Stack Gas Monitor
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A change of the y-ray spectrum with time pass by gaseous fission products observed
at a criticality accident was simulated by using computer codes. The gas monitor
system to evaluate the discharged radionuclides was designed based on the calculation
results.
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1. Introduction

In a nuclear facility, such as a spent fuel reprocessing plant, nuclear fuel materials have been
handled properly under a criticality safety policy. However if criticality accident should happen in the
plants, a part of fission products are presumed to release into atmosphere. Information of radionuclide
being discharged accidentally from the plant is very important as source term for evaluation of
radiological impact on environment of surroundings. So, the each inventory of discharged
radionuclides in a criticality accident should be evaluated immediately at the stack.

In the Tokai Reprocessing Plant (TRP), Nal (Tl) scintillation detector has been installed for
monitoring Kr-85 discharged under normal operation. However, it is difficult to measure other
radionuclides compare with Kr-85 correctly because the monitor is calibrated by reference Kr-85 gas
(as the y-ray source of 514keV).

Hence, authors have been studying the evaluation methods with a design of measurement system
of concentration of radionuclides discharged in a criticality accident.

2. Evaluation of y-ray spectrum in a criticality accident

2.1 Inventory of radionuclides discharged in a criticality accident

Prior to conceptual design of the system to evaluate inventory of discharged radionuclides in a
criticality accident, the change of noble gas activities generated in a criticality accident of 1020 fissions
was simulated, using the ORIGEN2 computer code with the PWRUS nuclear library 1} 2). The
calculation conditions were as follows; the specific power is 3.23 GW; the burning time is one second;
the initial amount of U-235 is one gram. The calculated nuclides and the calculation result are shown
in Table 1 and Fig.l, respectively. Fig.l indicates the activities of short half-lived nuclides such as
Kr-89, Xe-137 were rapidly decrease in approximately 10 minutes after the criticality accident. On the
other hand, the inventory of some nuclides such as Kr-85m, Xe-135 and 1-134 became dominant until
500 minutes after the criticality incident. Xe-133 and 1-131 remain after long time (greater than 10000
min; approximately 7 days).

* Corresponding aurhor, Tel. +81-29-282-1 111, Fax. +81-29-282-9966,
E-mail: sanada@tokai.jnc.go.jp
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Table 1 Calculated nuclides

Nuclide
Kr-83m
Kr-85m
Ki-85
Ki-87
Kr-88
Kr-89
Kr-90

Half-life
1.83h
4.48h
10.7y
76.3m
2.8h

3.18m
• 32.32s

Activated
1.83h Ar-41

Nuclide
Xe-133m
Xe-133

Xe-135m
Xe-135
Xe-137
Xe-138
Xe-139

Half-life
2.25d
5.29d

15.65m
9.083h
3.83m
14.17m
39.5s

Nuclide
Br-80
Br-83

Br-84m
Br-84
Br-85
Br-86
Br-87

Half-life
17.4m
2.93h
6.0m

31.8m
2.87m

59s
55.7s

Nuclide
1-129
1-130
1-131
1-132
1-133

I-134m
1-134
1-135
1-136

I-136m

Half-life
1.57E+7y

12.36h
8.06d
2.28h
20.8h
3.7m
52.6m
6.6 lh
83s
46s

1014

1013
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Fig.l Simulated inventory changes of radionuclides generated in criticality accident

2.2 The Simulation of y-ray spectrum

Gamma-ray spectrometry is suitable to investigate each inventory of the discharged radionuclide
in the criticality accident. Therefore, the y-ray spectrum obtained in gas sampling chamber with an
arbitrary detector assembly encountered in the case of criticality accident was computationally
investigated. The Y-ray emission rate of the nuclide and detection efficiency for each nuclide inventory
was used for the simulation. Gamma-ray spectrum was estimated by the following.

C = A(E) x r| x e x —

C: Measurement count [cps]
A (E): Inventory of discharged radionuclide (by ORIGEN2.1) [Bq]
r|: Emission rate [sec"1]
e: Absolute full energy peak efficiency
M: Mass of airborne effluent [100 m3 /s]
S: Sampling chamber volume [0.03 m3]

The simulated count rates of detector according to times passed after a criticality accident were
summarized in Table 2. The results indicated that the count rate of the detector could be greater than 7
x 105 s"1 in 500 minutes (approximately 10 hours) after criticality incident, afterwards, the count
become less than 2 x 105 s"1, and long half-lived radionuclides such as Xe-133,1-131 and 1-132 were
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remained (Table 2). As a simulation result, it is suggested that the gas evaluation system has to have
features of measurement a variety of y-rays energy with a high concentration activity.

According to the calculation results, the evaluation system require functions of
High energy resolution for many y-ray energy
Intermittent measurement with a short interval (<1 min) and short dead time (short pulse
width of detector and high-speed data processing) for corresponding to high count rates.

Generally, a measurement system of y-ray spectrum counts loss according to the dead time of
approximately 10ns, and this isn't sufficiently short for measurement of y-rays encountered in a
criticality accident. Therefore, design of the evaluation system targeting the discharged radionuclide in
a criticality accident has to be considered the dead time of it. In the following section, the design of the
evaluation system is described.

Table2 Summary of the estimated count rate of an arbitrary detector
at the time after a criticality accident

(Origen2.1, Nuclide Library: PWRUS, lgU235, 3.23GWx lsec (=1020fissions))

No

1
2
3
4
5

sum

30min

Nuclide

1-134
Xe-135
1-134
1-133

Kr-85m

Energy
(keV)

847
250
884
530
151

Count rate
ofdetector

(cps)
1.2E+05
9.7E+04
7.9E+04
5.6E+04
4.4E+04

7.2E+05

500min

Nuclide

Xe-135
1-133

Kr-85m
1-132
1-135

Energy
(keV)

250
530
151
668
1260

Count rate
ofdetector

(cps)
1.0E+05
4.5E+04
1.3E+04
1.1E+04
1.0E+04

2.4E+05

lOOOOmin

Nuclide

Xe-133
1-132
1-131
1-132
1-132

Energy
(keV)

81
668
364
773
523

Count rate
ofdetector

(cps)
1.1E+04
2.7E+03
2.1E+03
2.0E+03
4.9E+02
2.0E+04

3. Design of measurement system

Prototype measurement system is consists of a sampling chamber of 30L, with a software having
a high-speed data acquisition parts. This system could measure the high counts rate in a criticality
accident by functions of one-minute data acuisition interval and a memory with short writing time of
approximately one second.

The suitable detector at a criticality accident was comparatively examined between Ge and Hgl2

semiconductor detectors. In terms of the relationship between pulse height and y-ray energy, the
detection efficiency, and the energy resolution were examined. The comparison results of each
detector are shown in Fig.2 arid 3. The linearity between pulse height and y-ray energy showed good
performance in both detectors (Fig.2). The energy resolution and detection efficiency of Ge was better
than those of Hgl2 (Fig.2 and 3).

To know the radioactive concentrations for each radionuclides observed in criticality accident by
single measurement data, the conversion factors to radioactive concentrations from count rates for
each nuclide such as noble gases were evaluated by EGS4 computer code 3)>4). The detector efficiency
for the concentration of individual noble gaseous nuclides can be calculated with the information of
the geometry. Example for result of calculated efficiency of Ge detector was shown Fig.4.

Pulse widths of the detectors were observed by oscilloscope for evaluation of the dead time.
Pulse widths of Ge and Hgl2were approximately 5|is and 50|is, respectively. It means pulse width of
Ge was shorter than that of Hgl2, namely Ge can measure higher counts rate than Hgl2. The dead time
becomes longer so that the pulse width of the detector is wide. In addition, the airborne effluent
(mainly 85Kr) from the TRP in normal operation was measured to confirm a basic performance of the
system and it is confirmed this system can distinguish the photo peak by Kr-85 from the spectrum
(Fig.5). .

Consequently, Ge detector was selected as the detector for the prototype measurement system.
However, in approximately 500 minutes after criticality accident, it is expected to be difficult to
evaluate the radionuclide by this system, because the dead time is longer than lOus (counts rate lOV1).
The method of measuring the high counts rate of 106-107 s"1 should be researched continuously.
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4. Conclusion and future work

Based on the results of y-ray spectrum simulation and characteristic examination of detectors, the
prototype system for measuring discharged radionuclides in the criticality accident was developed. It
could measure higher count rates than the conventional measurement system by a short intermittent
time (<1 min). This method could provide the useful source term information for working out counter
plans after a criticality accident.

In approximately 500 minutes after the criticality accident, much higher radionuclides
concentration will be expected. So, the system design using much faster data processing units for
measuring the high count rate of 106-107s"' will be researched continuously. As one of the methods, we
plan to apply the method using a digital oscilloscope with a function of the high-speeds data sampling.

Reference
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Feasibility of a hard rubber named ebonite, which contains about 30 wt% of
sulphur, as an activation detector for fast neutron was investigated in terms of
neutron dose assessment in criticality accidents.

KEYWORDS: neutron dose assessment, fast neutron, criticality accident, ebonite

1. Introduction

Knowledge of fast neutron dose component is one of the most important information in criticality
accident dosimetry, because most of neutron dose is received from neutrons with energies above
lOOkeV. The 32S (n,p) 32P reaction is often utilized for fast neutron dose assessment. 32P is a pure beta
emitter that has a maximum energy of 1.71MeV and a half-life of 14.3 days. The Japan Nuclear Cycle
Development Institute (JNC) has utilized pellet-type sulphur for criticality accident dosimetry. The
dose assessment by the sulphur pellet, however, needs considerable time for pre-treatment of
measurement and corrections for self-absorption etc.. So a method for rapid dose assessment of fast
neutron has been required. Authors initiated feasibility study of a hard rubber named ebonite as an
activation detector for fast neutron, because it contains about 30 wt% of sulphur and of its easy
handling. Characteristics and feasibility of an ebonite as a neutron dosemeter were investigated.

2. Feasibility study of an ebonite as a fast neutron dosemeter

2.1 The electron spectrum at the surface of ebonite disc

For evaluation of self-absorption of beta
particles in ebonite, the electron spectrum at the
surface of disc-shaped ebonite was computed by
the Monte Carlo code, MCNP-4C with
nuclear/dosimetry data files of ENDF/B-VI and
LLLDOS. lf 2> 3) The electron current at the
surface of the ebonite was tallied when one
electron was emitted in the ebonite. The ebonite
was modeled as a disc with 50mm diameter and
10mm thickness and treated as the mixture of
natural rubber (isoprene, CsHg) containing
sulphur (30 % in weight). Its density is 1.2
g.cm3. In the calculation, lOmm-thickness disc
was subdivided into 1 mm-thickness discs and
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Fig.l Electron spectrum at the surface of ebonite
normalized to one 32P electron emitted

beta particles from P were uniformly
generated in each 1 mm-thickness disc with an isotropic direction.

The result of computation is shown in Fig.l, the vertical axis is the relative intensity of electron as
a function of energy, and the unit is <t> (E)dE. The value integral over the spectrum represents the
fraction of electron that reaches the surface. Fig. 1 shows that, comparing to the uncollided spectrum
of an electron from 32P, the maximum energy of the electron is degraded and the proportion of which
passes through the ebonite thickness decreases with increasing depth.

Corresponding author, E-mail: mikami@tokai.jnc.go.jp
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2.2 The optimum thickness of ebonite disc

For knowing the optimum thickness of ebonite disc, depth distribution of 32S(n,p)32P reaction rate in
the ebonite disc was computationally studied.

The depth distribution of 32S(n,p)32P reaction rate in the ebonite disc of 50mm diameter and 10mm
thickness was computed by using the MCNP-4C. The fission neutrons from 252Cf were irradiated on
the face of ebonite disc with normal incidence. The 10mm thickness disc was subdivided into 10
cells with lmm thickness by segment cards, and the 32S(n,p)32P reaction rate averaged over each
lmm-cell was tallied. Fig.2 shows the depth distribution of 32S(n,p)32P reaction.cm"3 per unit neutron
fluence. This is decreasing slightly as a function of ebonite depth. The reaction rate in the last
segment, i.e. 10mm from surface, has decreased by 11% comparing to the surface. The fraction of
beta particles that reach the surface of ebonite is given by the energy integral of the electron spectrum
shown in Fig.l. This result is shown in Fig.3. It shows about 35% of the beta particles emitted from
the depth interval of 0.0-1.0 mm reach the surface, but the beta particles from 3mm or deeper depth
are almost completely absorbed in ebonite and do not reach the surface. From the integral calculation
over the volume of ebonite, the fraction of electrons measurable at the surface of ebonite was
obtained. The result is also shown in Fig.3. The results indicate that the total number of beta particle
measurable at the surface of the ebonite reach a maximum value at a thickness of 3 mm, and do not
increases significantly at the thicker.
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Fig.2 Distribution of 32S(n,p)32P reaction rate in the Fig.3 Fraction of electrons reaching the surface of ebonite
10 mm thick ebonite

2.3 The minimum dose assessable by the ebonite disc

from each depth, d (column) and Fraction of electrons at
surface integral from depth,d to surface (dot)

The minimum dose assessable by the ebonite disc and the beta particles detection efficiency by
Geiger-Miiller (GM) counter is now discussed. The ebonite discs with 50mm diameter and 2mm
thickness were irradiated with neutrons from 252Cf source of 999MBq (reference neutron field in JNC
Tokai Works). Count rate of 35 cpm with an end-window GM counter (ALOKA GP-14U) for the
delivered neutron tissue kerma of 0.15Gy was experimentally obtained, and the response per tissue kerma
of 230 cpm/Gy was derived. For the ebonite with 50mm diameter and 2mm thickness, the MCNP
calculation predicted that the induced activity per tissue kerma for fission neutrons was 38 Bq/Gy. The
fraction of electron that reaches surface of the ebonite may be approximately 0.20 by the calculation result
shown in Fig.3. The detector used is an end-window GM survey meter, whose instrument efficiency is
estimated to be about 50% for the beta particles from 32P, then the value of 38 Bq/Gy is compatible with
experimental result of 230 cpm/Gy which was obtained by 252Cf neutron irradiations.

2.4 Contaminant nuclide

Contribution to dose assessment by contaminant nuclides other than 32S containing in ebonite etc.
was experimentally and computationally investigated.

Approximately 4.2% of 34S is included in sulphur. The reaction of 34S(n,a) produces 31Si which half
life is 2.62 hours and emits beta rays of 1.49 MeV-max.
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31 Si may have influence on measuring results of
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the beta particle from P by S(n,p) reaction
especially just after irradiation. The reaction rate
of 34S(n,a)3ISi by the SILENE-bare spectrum was
computed by the MCNP code S). The result
indicated the induced activity of 31Si was
equivalent to approximately 20 % of those of 32P.
This means approximately 17% (20/120) of count
rate by GM counter are contribution of the 32P
activity. Moreover, the experimental result also
suggested existence of contaminant nuclides in
ebonite. Two pieces of 50mm diameter and 2mm

thickness ebonite discs were irradiated to
neutrons from 252Cf source in the same condition.
One of them was measured by high-pure Ge
spectrometer and another was by low background

gas flow counter (ALOKA, LBC-453). Measurement time by the LBC was 30 minutes and
measurements were repeated and stopped at 16 hours after irradiation. Both measurements started with
a delay of 30 minutes after irradiation. The results are as follows; No artificial radionuclide of gamma
emitter was found by Ge spectrometry. In contrast, from the result of measurement of beta particles by
the LBC, the existence of a beta emitter whose half-life is about 2 to 3 hours was observed in
disintegration curve. This curve fitted well to the double exponential curve by 32P (half-life is 14.3
days) via 32S(n,p) reaction and 31Si (half-life is 2.62 hours) via 34S(n,a) reaction (see Fig.4). For more
precise measurement of 32P from 32S(n,p) reaction by GM survey meter or gas flow counter, it is
necessary to wait decay time of contaminant nuclides, especially 31Si.

Fig.4 Observation of count rate by repeated
measurements of ebonite for 16 hours

after irradiation to 252Cf neutron

32C2.5 S(n,p) P reaction rate against various
neutron spectra

The cross section of 32S(n,p)32P has a threshold
energy of 2.5MeV. This is not an ideal 'response
function' for evaluation of fast neutron dose.
Therefore, the systematic analysis on energy
dependence for 32S(n,p)32P reaction rate was
discussed. To investigate energy response, the
relation between neutron dose and 32S(n,p)32P
reaction rate against various neutron spectra
encountered in the case of criticality accidents were
computed by using the MCNP-4C. In this
calculation, 50mm diameter and 2mm thickness
ebonite disc was chosen.

Uncollided 252Cf fission neutron, four SILENE
spectra, five HPRR spectra and the leakage
spectrum at the point of 1.8m from the center of
precipitation tank of the JCO criticality accident
were used as source spectra. The SILENE reactor is
a homogeneous experimental reactor. The core is an
annular vessel (36 cm diameter) containing a fissile
solution. The HPRR reactor is a bare, unmoderated reactor assembly which uses 93%-enriched
uranium alloyed with molybdenum as the fuel. These reactors can be operated with additional shields
to provide leakage radiation fields of different neutron spectral qualities and have been widely used
in international intercomparisons for criticality dosimetry.4"8*
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The relationship between the 32S(n,p)32P reaction number per unit neutron fluence and the
conversion factors from neutron fluence to tissue kerma for various neutron spectra mentioned above
is shown in Fig.5. Induced activity per unit tissue kerma, in Bq/Gy, was 38 for bare fission neutrons
from 252Cf source and those for the hydrogen-moderated spectra ranged in 17 to 58. While, for the
steel-degraded spectra such as HPRR steel and SILENE steel, the values fell to 4.8 and 6.8
respectively. This result indicates that the amount of induced 32P is decreasing because the fission
spectrum is degraded by inelastic scattering with steel to energies lower than the threshold energy of
32S(n,p)32P reaction. The relationship between the reaction rate and the dose strongly depends upon
the spectrum, i.e. type of criticality assembly and shield.

2.6 SILENE exercise

To demonstrate the dosimetry performance of the ebonite in the real criticality spectrum, authors
have participated to the SILENE Criticality Accident Dosimetry International Intercomparison
Exercise held in CEA Valduc center, France, in 2002.8)

In the SILENE exercise, three irradiations were conducted with three different conditions; first
irradiation was in a free evolution with no additional shield covering the reactor, second irradiation
was in a steady mode operation with lead shield, and third irradiation was in a free evolution with
lead shield. The 3 mm thick ebonite discs were irradiated in these 3 experiments. In the exercise at
the Valduc center, beta particles from the ebonite discs were measured by an end-window GM
surveymeter (ALOKA, TGS-133) brought from Japan. The neutron dose was evaluated according to
experimentally obtained relationship between count rate and tissue kerma mentioned in former
section (230cpm/Gy) and reported as preliminary results within 48 hours for each irradiation. The
results showed what was predicted by the feasibility studies. In the result of the first irradiation, the
quotient of evaluated dose by JNC to the reference dose was 0.93. This may include both effects of
contaminant nuclides and of slightly-degraded fission spectrum. However, for the second and the
third irradiations with lead shielding i.e. in the degraded neutron energy condition, the corresponding
quotients were approximately 0.5. For these, the effect of degraded fission neutron spectrum may be
dominant.

3. Field application

Neutron spectra from criticality assemblies show large variations, depending on the type of
criticality assembly and composition and thickness of shield material through which neutrons pass.
Since no criticality dosemeter based on activation reaction gives a response proportional to neutron
tissue kerma over the whole energy of interest, it is necessary to make some assumptions about the
neutron spectral changes in order to make appropriate correction on ebonite measurements.

For application to real criticality neutron spectra encountered in fuel fabrication plant or
reprocessing plant, reaction rate of 32S (n,p) 32P in ebonite against those neutron spectra were
calculated as a function of type of criticality assembly and thickness of shield using MCNP-4C code
and the conversion factors to neutron tissue kerma from spectra were obtained.

3.1 Conversion factors as a function of shielding thickness of single material

In the calculation, leakage spectra of metal or solution system with steel or concrete shield of
several thicknesses were used as source spectra. The source of metal system is considered as a point
source with 235U-fission spectrum, and that of solution system was as the leakage spectrum of 235U-
fission uniformly occurred in spherical water of 15 cm radius. To simulate energy-degraded spectrum
for metal system, the steel shields with 5, 10, 15, 20, 25 and 30 cm thickness and the concrete shields
of 10, 20, 30, 40 and 50 cm thickness were taken into account in addition to the 'source' spectrum. For
the spectrum of solution system, the additional shield was considered by the same manner as of metal
system. 252Cf source spectrum also used in the calculation.

The ebonite disc with 50 mm diameter and 3 mm thickness was chosen. The reaction rates of 32S
(n,p) 32P in ebonite against the above-mentioned 25 neutron spectra were calculated. The conversion
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factor to tissue kerma from fluence as a function of spectrum-average neutron energy is plotted in
Fig.6. It indicates conversion factors can be corrected by a relatively simple function of steel or
concrete thickness of shield.
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Fig.6 Relationship between conversion factor and neutron energy

3.2 Conversion factors as a function of thickness of dual shielding of steel and concrete

The conversion factors due to the dual shielding of steel as first layer (next to the source) and
concrete as second layer, under the same neutron spectra as described in former section, were also
computed by the MCNP-4C code. The results normalized by 252Cf fission spectrum for solution
system are shown in Fig.7 as an example.
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a SlaaiiOcm
O Staal19cm

StMl 20cm
StMl 29cm

o StMl 30cm

5 10 15 20 25 30

Steel thickness, cm

10 20 30 40 50

Concrete thickness, cm

Fig.7 32P activity to neutron tissue kenna conversion factor against various shield thicknesses in criticality accident
of solution system

(Solution system : simulated by 23SU(n,fission) occurred in spherical water of 15 cm radius)

Under the dual shielding condition by steel and concrete, the values of conversion factors were
getting smaller with increasing of concrete thickness. This can be explained with the characteristic
difference of spectrum change between inelastic scattering by steel and elastic scattering by hydrogen.
The main characteristics of spectral changes by heavy element shield such as steel are that the original
fission spectrum is degraded by inelastic scattering to energies lower than the threshold energy.
Therefore, the 32S(n,p)32P reaction rate per neutron dose steeply varies with steel thickness. Contrarily,
the characteristics of neutron spectra in the hydrogen-moderated systems are quite different from those
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in steel-degraded system and two features can be observed. One is the building up of' 1/E' component
at the energies between 1 eV and 50 keV. The second is the 'hardening' of high energy part of
spectrum with increasing hydrogenous moderator thickness, which arise mainly from the hydrogen
cross section increases as energy decreases. Therefore, in steel-concrete dual shield system, a small
fraction of the spectrum still lies above the thresholds of 32S(n,p)32P reaction, and variations in relation
between 32S(n,p)32P reaction and neutron dose become moderate compared to those in single steel
shield.

For practical dose assessment, the conversion factors were tabulated as a function of thickness of
shield by steel and concrete. The values of conversion factors in the figure and the table can be used as
correction factors for the data obtained from direct measurement of ebonite calibrated by reference
252Cf source because the values are normalized by 252Cf source spectrum.

A set of correction factors arranged as a function of steel and concrete thickness can be served as a
guide in evaluating the neutron dose in actual criticality accidents.

4. Conclusion

The feasibility of ebonite as a fast neutron detector was examined in terms of dose assessment
performance in criticality accidents. The disc-shaped ebonite is one of the most useful tools to access
the dose by fast neutrons in case of criticality accident. The dose can be assessed with the ebonite by
a factor of 2, using only one-point calibration with a 252Cf source, especially in case of slightly-
degraded fission spectrum found in hydrogenous shield. This approximation in dose assessment is
sufficient in the early stage after criticality accident. For further stage of dose assessment, graphical-
and tabular-presented conversion factors as a function of steel and concrete thickness were prepared.

The neutron dose assessment method using an ebonite can be applied to dose reconstruction in the
fields such as fuel fabrication plant and reprocessing plant etc., and to personnel working there too. It
has the advantage of simple handling, measurements and rapid dose assessment.
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10.23 A Study on Adsorption onto TODGA Resin after Electrolytic Reduction in
ERIX Process for Reprocessing Spent FBR-MOX Fuel
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For reprocessing spent FBR-MOX fuel, an advanced aqueous reprocessing
process "ERIX process" has been developed. In this system, hydrazine is used as
reduction holding reagent for the valance adjustment of U by electrolytic reduction
in nitric acid solution. Therefore, hydrazine is contained in high level liquid waste
after separation of U, Pu and Np. Effect of hydrazine on adsorption of FP onto
TODGA resin was examined. When hydrazine concentration was less than 0.3 M,
effect on the distribution coefficient was negligibly small. After electrolytic
reduction, some elements exist as lower valence state. Ru and Tc are most difficult
elements to control their behavior in aqueous process. The distribution coefficient
of both Ru and Tc onto TODGA decreased after electrolytic reduction, because they
are reduced to lower valence. Hence, it is difficult for Ru or Tc to diffuse to allover
the process and separation of MA from Tc and Ru was enhanced by electrolytic
reduction.

KEYWORDS: ERIX, TODGA, extraction chromatography, Electrolytic reduction,
Reprocessing, MA

1. Introduction

For the development of nuclear fuel cycle, it is one of the most important tasks to improve
reprocessing process more economically and its efficiency. Especially, to establish the Fast Breeder
Reactor (FBR) cycle system for the future, it is strongly desirable to develop a novel reprocessing
process which uses more compact equipments and produces less radioactive wastes than the present
PUREX process. For this purpose, we have proposed a novel aqueous reprocessing system named
ERIX Process (The Electrolytic Reduction and Ion Exchange Process for Reprocessing Spent
FBR-MOX Fuel) to treat spent FBR-MOX fuels13. This process consists of (1) Pd removal by selective
adsorption using a specific anion exchanger; (2) electrolytic reduction for the valence adjustment of
the major actinides including U, Pu, Np and some fission products (FP) such as Tc and Ru; (3) anion
exchange separation for the recovery of U, Pu and Np using a new type of anion exchanger, AR-01;
and (4) selective separation of long-lived minor actinides (MA=Am, Cm) by extraction
chromatography. Separation of MA from FP is attained by using two extraction chromatography
columns. Firstly, both MA and lanthanides (Ln) are separated from other FP by TODGA column
(Group separation). Secondly, MA is isolated from Ln by R-BTP column2).

Hydrazine is used as reduction holding reagent for the valance adjustment of U by electrolytic
reduction in nitric acid solution33. Therefore, hydrazine is contained in high level liquid waste after
separation of U, Pu and Np. Moreover, some elements exist as lower valence state after electrolytic
reduction. In this work, effect of electrolytic reduction on MA-Ln group separation was studied.

2. Experimental

2.1. Materials
A radioactive technetium isotope, 99Tc (DUPONT), was used after purification as described before4).
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Ruthenium(III) nitrosyl nitrate solution (Strem Chemicals, Inc.) and N,N,N',N'-tetraoctyl-3-
oxapentane-l,5-diamide (TODGA; Kanto Chemical Co., Inc.) was used as recieved. TODGA
impregnated resin (TODGA/SiO2-P) with a mean particle size of 40-60 urn was prepared as described
before5l6). All other chemicals used were of Analytical Reagent Grade.

2.2. Electrolytic reduction

Electrolytic reduction experiments were carried out using a flow type electrolysis cell (HX-201;
Hokuto Denko Ltd.). The cathode of glassy carbon fibers filled in a cylindrical column of Vyc"or®
glass (porous silica glass) works as the working electrode. The Vycor glass column works as both
cathode compartment and separator. A sample solution was introduced into the Vycor glass column by
peristaltic pump at the flow rate of 1.0 cnrVmin. The electroreduction was conducted at a constant
potential -300 mV (vs. Ag/AgCl) with a potentiostat (HA-151; Hokuto Denko Ltd). The outlet
solution from the electrolysis cell was collected using glass vials with screw cap. The concentration of
Tc was determined by ICP-AES (ICPS-1000; Shimadzu) in glove box and that of Ru was determined
by ICP-AES (SPS-5000; Seiko Instruments Inc.). Absorption spectra of Tc and Ru solution were
measured by spectrophotometer (UV-3500; Hitachi) and Intelligent diode array detector (MD-2015
Plus; JASCO), respectively.

2.3. Adsorption with TODGA impregnated resin

Distribution coefficients (Kj) between TODGA/SiO2-P and nitric acid solution were measured by
batch adsorption experiments. 0.25 g of TODGA/SiO2-P was combined with 5 cm3 of a sample
solution in a screw capped glass vial. The glass vial was packed in a vinyl film bag and was shaken
mechanically for 3 hours in a water bath at 25°C. The aqueous phase was filtrated through a
membrane filter with 0.45 urn pore. The concentration of metals in the solution was determined by
ICP-AES. The distribution coefficient was calculated by:

K (Co ~ CS) V
Kd= Cs W ( 1 )

where Co and Cs denote the concentration of Tc in the aqueous phase before and after adsorption,
respectively. V indicates the volume of aqueous phase and W is the weight of the dry extraction resin.

3. Results and discussion

3.1. Adsorption of Ru

UV-vis spectra of Ru in 6 M HNO3 solution before and after the electrolysis were observed. Ru
exists as nitrosylnitrato complex in nitric acid solution and its valence is trivalent state. According to
the following equation7*, valence of Ru was assumed divalent state after the electrolytic reduction at
-300 mV (vs Ag/AgCl).

Ru3+ + e~ -> Ru2 + E° = 0.249 V (2)
However, there was no apparent difference in the UV-vis spectra of Ru between before and after the
electrolysis. Adsorption of Ru onto TODGA impregnated resin was examined and the distribution
coefficient of Ru was shown in Fig. 1. IQ values of Ru were almost same in more than 1 M nitric acid
solution, while Kj values of Ru after the electrolysis were rather lower than that before electrolysis.
Therefore, it is easy to recover the adsorbed Ru by adjusting nitric acid concentration for the reduced
Ru.
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Fig. 1 Adsorption of Ru onto TODGA resin before and after electrolytic reduction.

3.2. Adsorption of Tc

Tc is one of the most important FP elements to control in reprocessing system. Usually, in nitric
acid medium, Tc shows heptavalent state as TcO4~. Because it is difficult to observe UV-vis spectra of
Tc directly, colorimetric method was used. UV-vis spectra of Tc modified with KSCN solution were
shown in Fig. 2. As absorption peak at 495 nm was observed after the electrolysis, it is considered that
Tc(VII) was reduced to Tc(IV)8'9).

The distribution coefficients of 1) Tc(VII) in nitric acid solution, 2) Tc(VII) in nitric acid solution
with addition of N2H4, 3) reduced Tc(IV) in nitric acid solution with N2H4 existence are shown in Fig.
3. IQ of Tc(VII) decreased with increasing of nitric acid solution and that obtained with N2H4 was
lower than that without N2H4. On the other hand, after electro reduction, Tc(IV) was not adsorbed onto
TODGA resin from dilute and concentrated nitric acid solution. Adsorption behavior between Tc(IV)
and Tc(VII) was obviously different. Since reduced Tc was not adsorbed onto TODGA/SiO2-P, the
separation of Tc from MA and the other Ln would become easy.
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Fig. 2 UV-Visible spectra of Tc before and after electrolytic reduction.
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Fig. 3 Adsorption of Tc onto TODGA resin before and after the electrolytic reduction.

3.3. Effect of hydrazine concentration on the adsorption

On the electrolytic reduction for valence adjustment of U in the ERIX Process, hydrazine is added
as a reduction holding reagent. It is necessary for successful reduction of U to suppress nitrous acid
generation due to high concentration of nitric acidl0'n). Thus, a quite amount of hydrazine is contained
in HLLW after the recovery of U, Pu and Np through an anion exchanger column. The effect of
hydrazine on the distribution coefficient of typical FP was examined. Kj values obtained as a function
of hydrazine concentration were shown in Fig. 4. Kj of Zr and Pd were almost constant in whole range
of hydrazine concentration. For Nd, Ru and Mo, Kj were almost constant in dilute nitric acid solution
(< 1 M). However, Kj were decreased rapidly in 1 M HNO3 solution, especially for Mo. Kj of Sr and
Rh apparently increased with increasing of nitric acid concentration, but these values were less than 1
crnVg and are regarded as almost no adsorption. Because there was no increase on the adsorption onto
TODGA/SiO2-P with hydrazine concentration, it is considered that there should be no effect on the
separation of MA and Ln from other FP.
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Fig. 4 Effect of hydrazine concentration on distribution coefficient of FP.
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3.4. Effect of corrosion products

From a practical point of view, some corrosion products (CP) are contained in HLLW from stainless
materials. Thus, it is necessary to evaluate the effect of CP on the adsorption onto TODGA/SiO2-P.
Adsorption of typical CP onto TODGA resin from nitric acid medium was examined by batch
adsorption experiment and the results are shown in Fig. 5. Kd of Co, Mn, Ni and Fe were less than 10
cm3/g in 0.03 to 6 M nitric acid solution. No adsorption of Cr was observed.

Effect of the concentration of CP on the adsorption on Nd(III) was examined by using Fe(III) as a
representative CP. Effect of Fe(III) concentration on the distribution coefficient of Nd(III) from 3 M
nitric acid solution was shown in Fig. 6. When iron concentration was less than 0.1 M, Kj of Nd(III)
was almost constant and no effect of Fe(III) concentration was confirmed. While, Kj of Nd(III)
increased in higher concentration (> 0.1 M) of Fe(III). In this region, nitrate ion released from
Fe(NO3)3 was not negligibly small compared to the nitric acid concentration (3 M). Owing to the
increase of nitrate ion, a little higher Kj of Nd(III) were observed.
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Fig. 5 Adsorption of CP onto TODGA resin.
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Fig. 6 Effect of iron concentration on the distribution coefficient of Nd from 3 M HNO3.
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4. Conclusion

Effect of hydrazine concentration on adsorption of FP onto TODGA/SiO2-P was examined. When
hydrazine concentration was less than 0.3 M, effect on the distribution coefficient was negligibly small.
After electrolytic reduction, Ru and Tc existed as lower valence state and the distribution coefficient of
both Ru and Tc onto TODGA/SiO2-P decreased. Hence, it is difficult for Ru or Tc to diffuse to allover
the process and separation of MA from Tc and Ru was enhanced by electrolytic reduction. It was also
confirmed that CP (Fe, Ni, Co and Mn) were not adsorbed onto TODGA/SiO2-P and there was no
effect on the adsorption of Ln.
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Electrochemistry has been used to investigate the behavior of plutonium(IV) in
1-7 M HNO3 solutions. These Pu(IV) complexes were found to be reduced
gwaw-reversibly to Pu(III) species. The formal redox potentials (£°) for
Pu(IV)/Pu(III) couples were determined to be +0.721, +0.712, +0.706, +0.705,
+0.704, 0.694, and +0.696 V (vs. Ag/AgCl(SSE)) for Pu(IV) complexes in 1, 2, 3, 4,
5, 6, 7 M HNO3 solutions, respectively. These results indicate that the reduction
product of Pu(IV) is Pu(III), which is considerably stable in HNO3 solution.

KEYWORDS: Plutonium, Electrochemistry, Cyclic voltammetry, Redox reaction

1. Introduction

Aqueous plutonium nitrate complexes are fundamental to the separation techniques presently
employed to process nuclear materials. In the PUREX process, an extractant composed of 30%
TBP(tri-butyl phosphate) dissolved in a hydrocarbon diluent (dodecane or kerosene) is used to extract
a Pu(FV) nitrate species from a complex mixture of fission products dissolved in concentrated nitric
acid [1]. The valence control of Pu has been an important subject in the reprocessing processes. The
electrolytic redox method for controlling valence states without addition of any redox substances is
one of the important techniques in the nuclear fuel reprocessing. There are many studies on
electrochemical reactions of Pu species in acidic [2-3] and alkaline solutions [4-6]. Casadio et al.
investigated the Pu(IV)/Pu(III) couple by CV at a pyrolytic graphite electrode [3]. They observed
one-electron reduction wave of Pu(IV) in HNO3 instead of three one-electron reduction waves, which
had been observed in cyclic voltammogram using the pyrolytic graphite electrode in 1 M HNO3 by
Casadio et al. [3]. The electrochemical data on Pu redox system are still uncertain particularly at
different concentration of HNO3. The coordination chemistry of Pu(FV) nitrate complexes in solution
has been studied extensively [7-12]. For nitric acid concentration of 1-13M, the extent of nitrate
coordination increases as the nitric acid concentration increases.

Based on these backgrounds, we investigated the electrochemical behavior of Pu(FV) ions in
concentration 1-7 M HNO3 solutions by using CV, because the data on redox potentials of Pu(IV) ions
at various HNO3 concentrations are very important for considering valence adjustment in separation
processes of spent fuel reprocessing.

2. Experimental

2.1 Materials
The radiochemical purity was checked by the or,y-coincidence method and the overall concentration

of Pu was analyzed by a y-spectrometer with a high-purity germanium detector (Seiko EG&G
ORTEC). The concentration of H* ions in solution was determined by potentiometric titration with 0.1
M NaOH solution. All other chemicals used were of reagent grade.

2.2 Electrochemical experiments
The CV measurements were carried out at 25 °C under dry nitrogen atmosphere using Bioanalytical

Systems Corporation (BAS) CV-660A voltammetric analyzer and standard BAS CV cylindrical cell
with a custom made Teflon cap with holes of appropriate sizes for the electrodes. A three-electrode
system was utilized, i.e., a BAS 002012 GC working electrode (surface area: 0.07 cm2), a BAS
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002233 Pt counter electrode, and a BAS 002020 reference electrode (SSE). All potentials expressed
versus the SSE. The GC electrodes were electro- chemically pre-treated in 0.05 M H2SO4 solution by
repeating the potential scan in range of 0 to 1.5 V at 0.1 V/s for lOmin or until the CV characteristic
for a clean GC electrode was obtained. All electrolyte solutions for electro- chemical measurements
were prepared with doubly distilled water and deoxygenated by passing nitrogen gas into the solutions
for at least 10 min prior to the CV measurements.

3. Results and Discussion

The CV measurements for 1 M HN03 solution containing Pu(IV) (6.48 * 10"3 M) were carried out
in the potential range from +1.10 to +0.30 V(vs. SSE) at the different scan rates (v = 0.05 ~ 0.20 V/s).
The results are shown in Fig. 1. Peaks (Pc and Pa) of one redox couple are observed at around +0.693
(Epc) and +0.769 V (Epa). The values of AEP (= Epa - Epc) increase with an increase in the scan rates,
that is, 0.181 V at v = 0.05 V/s and 0.239 V at v = 0.20 V/s, while the values of ( ^ + E^ll (=E°, the
formal redox potential) are almost constant, +0.721 V, without depending on the scan rate.
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Fig. 1 Cyclic voltammograms for the reduction of Pu(IV) (6.48><10"3 M) in 1 M HNO3 solution
measured in the potential range from +1.10 to +0.30 V at different scan rates (v = 0.05 ~ 0.20 V/s).
Initial scan direction: Cathodic.

This result is consistent with that of Casadio et al. [3] and suggests that the electrochemical
reduction of Pu(IV) at GC electrode proceeds quasi- reversibly as follows.

Pu
4+ = Pu3+

(1)

To evaluate the validity of suggestion that the electrochemical reaction (1) is a ^was/'-reversible
electron transfer reaction, the standard rate constant (k°) was estimated by using Nicholson's equation
(Eq.(2)) [13-14] based on the assumption that the diffusion coefficient of oxidant (Do) is equal to that
(DR) of reductant,

y/=k°/{Don(.nF/RT)v} 1/2
(2)

where y/, F, and R are the equivalent parameter, the Faraday's constant, and the gas constant,
respectively. If the reaction, Ox + ne = Red, is irreversible, the Do value is estimated by Eq. (3) [14],

/„ = 2.985 * \02nACo\ana)
mv1/2Do (3)
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where ipc, A, Co, a, and na are the peak current, the surface area of working electrode, the
concentration of Ox species, the transfer coefficient, and the number of electrons involved in the
rate-determining step, respectively. The ana value can be estimated to be 0.46 from Eq. (4) [15],

ctna = 0.0477 l\Epa-Ep (4)

where Ep and are the potentials at i = i^ and ipJ2, respectively. Hence, the Do value is
6 V1 ° 3p

V1estimated to be 3.81 * 10"6 cmV 1 at 25 °C by using ana = 0.46, n = 1, Co° = 6.48 x 10'3 M, and A =
0.07 cm2 in Eq. (3). The ^values are in the range from 0.15 (v = 0.05 V/s, AEP = 0.181 V) to 0.07 (v
= 0.20 V/s, AEP = 0.239 V) [13-14]. Thus, the k° value for reaction (1) is evaluated to be 0.71 *10'3

cm-s"1 at 25 °C by using Eq. (2). Matsuda and Ayabe have proposed the reversibility factor (/I) for
electrochemical reactions [16]. The A value has been defined by Eq. (5) for Do = PR,

A =k?/(DonFv/RT)1/2
(5)

where reversible system: A > 15, quasi-reversible system: 15 > A > iO'2(1+flf) , and irreversible
system: 10"2(1+a) > A. If the value of D is 3.81 * 10"6 cmV 1 and a is 0.46, the equation for A is
expressed as 8.22 x 101 k° I v1/2. Hence, the following relationships for the k° value are derived in the
range of v = 0.05 ~ 0.20 V-s'1; where reversible system: yfc" > (6.7 ~ 13.4) * 10"2, quasi-reversible
system: (6.7 ~ 13.4) x 10"2 >k°> (4.5 ~ 8.9) x 10"6, and irreversible system: (4.5 ~ 8.9) x 10"6 > it0.

These classifications support that the electrochemical reaction (1) is quasi-reversible under the
present experimental conditions because the estimated k° value (= 0.71 x 10'3 cm-s'1) is in the range of
(6.7 ~ 13.4) x 10"2 > k° > (4.5 ~ 8.9) x 10"6.

Similarly, the CV measurements for Pu(IV) in 2-7 M HNO3 were performed at scan rate(v = 0.05
V/s). The results are shown in Fig. 2 respectively. As seen from Fig. 2, only redox coupled peaks
for Pu(IV) are observed at around +0.639 (£^) and +0.785 V (E^) at 2 M HNO3, +0.636 (Ep,.) and
+0.775 V (EpJ at 3 M HNO3, +0.653 (£^) and +0.756 V (£^) at 4 M HNO3, +0.648 (E^) and +0.759
V (Jgy at 5 M HNO3, +0.639 {Epc) and +0.749 V (Epa) at 6 M HN03, and +0.642 (£^) and +0.749 V
(Epa) at 7 M HN03.
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Fig. 2 Cyclic voltammograms for the reduction of Pu(IV) ions in 1 M HNO3(a), 2 M HNO3(b), 3 M
HNO3(c), 4 M HNO3(d), 5 M HNO3(e), 6M HNO3(f), and 7M HNO3(g) solutions measured at scan
rate (v = 0.05 V/s).
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The values of AEP (=£^ - £^) increase with an increase in the scan rate, while the values of ^
Epa)l2 are constant, +0.721, +0.712, +0.706, +0.705, +0.704, 0.694, and +0.696 V, regardless of the
scan rates. The standard rate constant for electron transfer^0) in the reduction of Pu(IV) complexes
at the GC electrode is 0.71, 1.28, 1.39, 2.41, 2.49, 3.63 x 10'3 cm-s"1 at 1-7 M HNO3. These results
suggest that the electrochemical reactions of Pu(IV) in 2-7 M HNO3 at GC electrode occur
^uosz-reversibly.

4. Conclusions

The results in the present study are summarized as follows. The Pu(IV) complexes in 1-7M HNO3
is reduced to Pu(III) quasi-reversibly at the GC electrode and the formal redox potential(£°) is +0.721,
+0.712, +0.706, +0.705, +0.704, 0.694, and +0.696 V. It is found that the E° values become negative
in order of Pu(FV) complexes with various HNO3 solutions, and that the Do values and the k° values
increase when nitric acid concentration from 1 M to 7 M.
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10.25 Simulation Codes of Chemical Separation Process of Spent Fuel
Reprocessing

-Tool for Process Development and Safety Research-

Toshihide ASAKURA. Makoto SATO, Masakazu MATSUMURA and Yasuji MORITA
Process safety laboratory, Department of Fuel Cycle Safety Research, Japan Atomic Energy Research

Institute, Tokai-mura, Ibaraki 319-1195, Japan

This paper reviews the succeeding development and utilization of Extraction
System Simulation Code for Advanced Reprocessing (ESSCAR). From the
viewpoint of development, more tests with spent fuel and calculations should be
performed with better understanding of the physico-chemical phenomena in a
separation process. ̂  From the viewpoint of process safety research on fuel cycle
facilities, it is important to know the process behavior of a key substance; being
highly reactive but existing only trace amount.

KEYWORDS: Separation Process, Reprocessing, Extraction, Simulation Code,
Process Safety

1. Introduction

From the viewpoint of separation process development activities, a simulation code plays two
important roles, a tool for designing a process and a tool for confirming process safety. For the first
role, a code is utilized to establish a process flow-sheet for a plant. For the second role, it is
impossible to confirm the process safety without the knowledge of behaviors of some key substances,
and one can obtain the information of the behaviors with utilizing a simulation code. Thus, an
extraction simulation code, "Extraction System Simulation Code for Advanced Reprocessing
(ESSCAR)," has been developed in JAERI. This paper reviews the succeeding development and
utilization of the code.

2. Development of Extraction System Simulation Code for Advanced Reprocessing (ESSCAR)

The characteristics of ESSCAR can be summarized as follows.

It can treat;
-TBP/diluent-HNO3 system,
-Chemical mechanics on mixer-settlers and pulse columns,
-Mass transfer rate between two phases,
-Material balance in respective phases,
-Chemical reactions,
-Distribution coefficient,
-Reaction rate, redox reaction etc.,
-Radioactive elements: U, Pu, Np, Tc, Zr,
-Chemical species: HN03, HONH3NO3, N2H4, HNO2, HN3.

In Figure 1, experimental results on HN3 distribution in TBP/dodecane-HNO3 system is shown as
an example of development activities. The experimental results were summarized as an equation
between free-TBP concentration in the organic phase (7/) and the distribution ratio of HN3 (DHN3), also
shown in the figure, and installed into the code. !) Several extraction test results with spent fuel2)

have been compared to the calculated ones. The results about HNO3, U and Pu well agreed but some
results, most typically about Np, HNO2, did not. It can be said that more tests with spent fuel and
calculations should be performed with better understanding of the physico-chemical phenomena in a

- 3 4 5 -



JAERI-Conf 2005-007

separation process.
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Fig.. 1 Experimental results on hydrazoic acid (HN3) distributioa

3. Utilization in Process Development Research

An extraction test was performed with PWR spent fuel in a NUCEF alpha-gamma cell to examine
the separation techniques of Np and Tc for an advanced reprocessing concept, PARC process.3) The
flow-sheet for the test, shown in Figure 2, was detertnined with utilizing the code. The concentration
profiles of U, Pu, Tc, Np, etc. in respective extraction banks were calculated by the code with
changing the concentration of HNO3 in the FP scrubbing solution as 2 or 3 M. It was expected from
the calculation that U and especially Pu would be accumulated in the FP scrub part. On the other
hand it was expected that the accumulation was better restricted in the case of 3 M HNO3. From
these, the concentration was determined to be 3 M.

main solvent dissolver solution
dodecane 3 0 °/o TBP/dodecane 220 g-U//, 3M HNO3 FP scrub solution

1

1

Np reductant
1 M B-C3H7CHO,
30%TBP ^

r (2) I

Co-extraction !
(8) ;

Np scrub
2 M HNO3 1

Np separation ]
(8) i

1
FP scrub

(8)

Tc scrub
6 M HNOj 1

Tc separation
(10)

••-rorganic (low
-o:aqueous flow

Fig. 2 Flow-sheet of an extraction test performed in a NUCEF-BECKY alpha-gamma
cell using spent fuel solution.3) Number of extraction banks in parentheses.
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4. Utilization in Process Safety Research

The code can be utilized to obtain information on behaviors of some key substances under
operational conditions deviated from reference one (process abnormality). In Figure 3, calculated
concentration profiles of Pu (IV) in a pulse column of a Pu purification cycle under flow rates deviated
from a reference one are plotted against the concentration of HNO3 in the aqueous phase. l) In this
figure, Pu third phase formation curves extrapolated from literature data 4) are also shown. From the
viewpoint of process safety research on fuel cycle facilities, it is important to know the process
behavior of a key substance, being self-reactive but only a trace amount of it existing, under process
abnormality. It is supposed that butyl nitrate, one of the degradation products from TBP, can be one
possible example of the substance.

Pu
strip

From / to
Pu barrier

20

FromPu
extraction 4 I
I scrub

1

3
O
V
3
crre

.5 10

Solvent Purified
Pu

u
c
o
u
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Pu third phase formation curve

1.4 1.5 1.6

HNO3 Concentration in aqueous phase (mol//)

Fig. 3 Plutonium concentration profiles!) in a pulse column (U recovery, hatched one) of Pu
purification cycle under flow rates deviated from reference ones and Pu third phase
formation curves extrapolated from literature data.4)
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10.26 Study on Safety Evaluation for Nuclear Fuel Cycle Facility
Under Fire Accident Conditions

Shinsuke TASHIRO, Hitoshi ABE and Yasuji MORITA

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

Hot test at Rokkasyo Reprocessing plant has been started since last year. In addition,
construction of the MOX fuel fabrication facility at Rokkasyo site is planning. So, the
importance of safety evaluation of the nuclear fuel cycle facility is increasing. Under the
fire accident, one of the serious postulated accidents in the nuclear fuel cycle facility, the
equipments (glove-box, ventilation system, ventilation filters etc.) for the confinement of
the radioactive materials within the facility could be damaged by a large amount of heat and
smoke released from the combustion source. Therefore, the fundamental data and models
calculating for the amount of heat and smoke released from the combustion source under
such accident are important for the safety evaluation of the facility.

In JAERI, the study focused on the evaluation of amount of heat and smoke released
from the combustion source is planning. In this paper, the outline of experimental apparatus,
measurement items and evaluation terms are described.

KEYWORDS', fuel cycle facility, MOX fuel fabrication facility, fire accident, source term,
smoke, glove-box, ventilation system

1. Introduction
As recent movement in the field of nuclear fuel cycle in Japan, at Rokkasyo Reprocessing plant,

hot test has been started since last year. In addition, construction of the MOX fuel fabrication facility
at Rokkasyo site is planning. So, the importance of safety evaluation of the nuclear fuel cycle facility
is increasing.

A fire accident is one of the serious postulated accidents in the facility. Under a large-scale fire
accident, a large amount of heat and smoke, possibly contained radioactive materials, can be released
from combustion source. By such heat and smoke transferred from the combustion source to the
equipments for the confinement of radioactive materials within the facility, the equipments could be
damaged: the destruction of the glove-box; the clogging and breakage of the ventilation filter.
Therefore, the fundamental data and models calculating for the amount of heat and smoke released
from the combustion source under such accident condition are important for the safety evaluation of
the facility.

In JAERI, the study focused on the evaluation of amount of heat and smoke released from the
combustion source is planning. The obtained data and the developed evaluation method are mainly
intended to serve for the source term evaluation at the combustion source of the nuclear fuel cycle
facility under the various postulated fire accident conditions. Furthermore, they will be also useful for
investigation of the probabilistic safety assessment (PSA) for the facility that has been preparing in
Japan. Because the source term data for the release to the outside of facility under the above condition
will be considered to be closely relational to our evaluation terms. In this paper, the outline of
experimental apparatus, measurement items and evaluation terms are described.

2. Basic consideration for the planning of experiments
In this study, as the combustion source of the postulated fire accident in the nuclear fuel cycle

facility, the following combustion modes will be mainly considered.
(a) the combustion of the inflammable materials in the facility.
(b) the combustion under the oxygen-lacking fluid by ventilating the air into the inert gas.
In "Nuclear Fuel Cycle Facility Accident Handbook"^, the model calculating for the amount of

heat and smoke released from the combustion source under the postulated fire accident is referred the
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literatures by Tewarson et al2^. Herein, at first, their model2>3) is briefly cited. Next, the experimental
planning of our study is examined using their model2>3).

From the energy balance at the hypothesis surface nearby combustion source, the heat release
flux from the surface of combustion source, qrr (J/(m2-s)), can be expressed as the following
equation,

qrr={4.+ijc+4jr)-(l<M)M (1)
where A and L are combustion surface area (m2) and heat of gasification/pyrolysis/depolymerization of
the combustion materials (J/kg), respectively. qfc, qfr and qe are the heat flux transferred to the

combustion surface by air convection (J/(m2-s)), heat flux transferred to the combustion surface by
flame radiation (J/(m2-s)) and heat flux transferred to the combustion surface from hot wall and ceiling

nearby the combustion surface (J/(m2-s)), respectively. M is mass burning rate of the combustion

materials (kg/s). qfc and qfr can be presented the following equations related with M,

qfc=XcHtM/A (2)

qfr=XaH,M/A (3)
where H, is the heat of combustion (J/kg). Xc and Xa mean the fraction of the actual heat flux
transferred to the combustion surface by air convection to the theoretical heat release flux and the
fraction of the actual heat flux transferred to the combustion surface by flame radiation, respectively.
FromEqs.(l)-(3),

4rr=4e+[^c+Xa)H,-L}/A]M (4)
Smoke release rate, Gs (kg/s), can be expressed as following,

G, = YSM (5)
where Y, is the fractional yield of smoke.

In the terms of Eq. (4), L and H, depend on the combustion materials only, not ventilation
conditions. So, we can expect the accurate data of L and H, using the devices for thermal-analysis. In

the terms of Eqs. (4) and (5), Xc, Xa, A, M, qe and Y, depend on the combustion materials and

varieties of ventilation conditions. Therefore, we are planning to carry out the combustion experiments
using the device under the various ventilation conditions.

3. Experimental plan
From above basic consideration, we are planning the following two types of experiment. The

schematic diagram of experimental apparatus, measurement items and evaluation terms is illustrated in
figure 1.

3.1 The fundamental experiments for heat release property
Using the devices for thermal analysis, for example, the device for thermogravity measurement of

differential thermal analysis (TG-DTA) or the differential scanning calorimetry (DSC), L or H, of
combustion sample will be measured. The each set of L and H, will be applied for the examination of
the middle scale experiments.

3.2 The middle scale experiments
The apparatus in the figure is now being prepared. The types and amounts of the combustion

materials and the ventilation conditions in the combustion cell will be varied in the experiments. M
will be evaluated with continuous measurement of decreasing weight of sample due to the combustion
using the load cell. The concentration of CO, CO2, NOx, SOx and total gaseous hydrocarbon will be
monitored using the gas analyzers for the check of mass balance of the combustion materials or
ventilation effect to the combustion mode. In the case of the experiments in account with the effects of
external heat, such as the heat from hot wall or ceiling, the high-density radiant heater will be
introduced in the combustion cell. qrr and qfr will be directly measured with thermal fluxmeters
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and radiation fluxmeters, respectively. G will be measured by the sampler for smoke collection and
the electrical low pressure cascade impactor (ELPI) from air sampling near the combustion source.
ELPI is the commercial device widely used for the time-evolutional measurement of aerosol particle
size distribution^. So, the data of smoke particle size distribution by ELPI will be served the

evaluation of time evolution of G. In addition, the data will be also used for the advanced differential
pressure analysis of HEPA filter clogging due to smoke loading. The smoke sample collected by
sampler will be evaluated by weight analysis for measurement of G and chemical analysis for
examination of smoke property, particularly quantitative ratio of modified radioactive materials
contained in smoke particles.

4. Summary
The outline of experimental plan in JAERI focused the source term evaluation for the postulated

fire accident condition in nuclear fuel cycle facility is described with some basic consideration for the
evaluation of experimental results. In Japan, another tests using the modified full-scale glove-box
postulated fire accident in glove-box seem to be planned (not by JAERI). We expect that our
experimental outputs in our study will be served to the plan.
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Figure 1. The schematic diagram of experimental apparatus, measurement items and evaluation terms.
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SUKO
SUMITA
SUYAMA
SUZUKI
SUZUKI
TAKADA
TAKAHASHI
TAKAHASHI
TAKAHASHI
TAKAHASHI
TAKAHASHI
TAKAZAWA
TAKEDA
TAKENO
TAKESHITA
TAKI
TANAKA
TASHIRO
TERUNUMA
TOBITSUKA
TOCHIGI
TOGOU
TOMAMURA
TONOIKE
TORAISHI
TSUBOSAKA
TSUCHTNO
TSUJINO
TSUTSUI
UCHIKOSHI
UCHIYAMA
UEDA

First Name '
Hiroshi
Tatsuya
Liem
Susumu
Toshiari
Hirochika
Mikio
Toru
Yoshifiuni
Yukihisa
Naruhito
Akihiro
Akira
Ryouichi
Takayuki
Haruo
Miho
Hiromi
Haruo
Koji
Yoshinori
Tsutomu
Kazuo
Ryu
Shunji
Osamu
Kaori
Yoshio
Masao
Koichi
Nobutoshi
Hiroki
Takashi
Susumu
Daisuke
Takeshi
Kenji
Kenya
Haruo
Haruo
Tomoyuki
Hidetake
Fumiaki
Mayumi
Satoshi
AWo
Mayumi
Seiji
Naoto
Isao
Hiroshi
Tadao
Shinsuke
Junko
Sachiko
Yoshikatsu
Yasumasa
Shinji
Kotaro
Takashi
Akira
Susumu
Takeshi
Masanori
Mayumi
Gunzo
Masato

Institute
JAERI
JAERI
NAIS Co., Inc.
Visible Information Center, Inc.
CRIEPI
Toyohashi University of Technology
JAERI
Hitachi Ltd.
JAERI
JNC
JAERI
CRIEPI
Hitachi Ltd.
JNC
Kyoto University
Computer Software Develpoment Co.,Ltd.
JAERI
JAERI
JNC
JNC
JNC
Kanazawa University
NUCLEAR SAFETY RESEARCH ASSOCIATION
Obayashi Corporation
Aloka
JAERI
JAERI
JNC
JNC
JAERI
JNC
JAERI
JAERI
JAERI
Central Research Institute of Electric Power Indus
The University of TOKYO
Osaka Science & Technology Center
JAERI
JFE Techno-Research
JNC
JAERI
ATOX CO..LTD.
JAERI
JAERI
JAERI
Tokai village Office
JAERI
JAERI
The National Institute of Advanced Industrial
The Institution of PToffessional Engineers, Japan
JAERI
JAERI
JAERI
JAERI
JNC
Ishikawajima-Harima Heavy Industries Co., Ltd.
JNC
Kanazawa University
JAERI
School of Engineering, The University of Tokyo
Nuclear Fuel Industries, Ltd.
Japan Nuclear EnergyJJafety Organization(JNES)
Nuclear Safety Commission
Kanazawa University
JAERI
JNC
JAERI

Country
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
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Family Name
UMEDA
UMEZAWA
UNO
USfflODA
USUDA
WAKASUGI
WATANABE
WOOTAN
XIA
YAITA
YAMAGUCHI
YAMAGUCHI
YAMAMOTO
YAMAMOTO
YAMANE
YAMASHITA
YAMAZAKI
YANAGIHARA
YASUNAKA
YOKOTA
YOSHIDA
YOSHIDA
YOSHDCAWA
YOSHIYAMA
YOTSUJI
YUI
YUKAWA
YUMOTO
PENSADO
KOTULIC BUNTA
PINAK
CHAROENSRI
EATON
PAIN
JENSEN
LANCASTER
PATRICK
REARDEN

First Name
Miki
Hirokazu
Yuichi
Takashi
Shigekazu
Kazuhiko
Koji
David Wayne
Xiaobin
Tsuyoshi
Tetsuji
Masao
Toshihiro
Toru
Yuichi
Yuji
Seiichiro
Takao
Hideo
Sigeyuki
Takahiro
Zenko
Hideki
Hiroshi
Kenji
Mikazu
Kazuhiko
Ryozo
Osvaldo
Juraj
Miroslav
Apisara
Mattehew D.
Christopher C.
Richard
DaleB.
Wesley C.
Bradley T.

Institute
MEXT
Nuclear Safety Commission
JAERI
JAERI
JAERI
Secretariat to the Nuclear Safety Commission
JAERI
JNC
JNC
JAERI
JAERI
JNFL
JAERI
Japan Nuclear Energy Safety Organization (JNES)
JAERI
Tsukuba Univercity
Kawasaki Heavy Industries, LTD.
Secretariat of the Nuclear Safety Commission
Rad. Tech. Consulting Office
JPC corporation
JAERI
JAERI
JNC
JAERI
JAERI
JNC
JAERI
PESCO Co. Ltd..
Southwest Research Institute
JAERI
JAERI
Office of Atoms for Peace
IMPERIAL COLLEGE
IMPERIAL COLLEGE
JNC
NuclearConsultants.com
Southwest Research Institute
Oak Ridge National Laboratory

Country
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Mexico
Slovakia
Slovakia
Thailand
U.K.
U.K.
USA
USA
USA
USA
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Family Name |First Name |lnstitute
ARAKAWA
AKUTSU
ASAKURA
BAN
BABA
DOJIRI
FUKAYA
FUJH
FUKAYA
HARASHMA
HAGA
HAYASHI
HOTOKU
INOUE
IMAIZUMI
ISHIDERA
ISHIJIMA
IIDA
INADA
IZAWA
KUROSAWA
KIHARA
KOIZUMI
KONNO
KOMATA
KIMURA
KATO
KONO
KOBAYASHI
KIDA
KOMIYA
KOMAKI
MUNAKATA
MATSUMURA
MIYOSHI
MATSUZAKI
MORTTA
MAEDA
NAKAYAMA
NUMANO
OKUBO
SHIMIZU
SUYAMA
SATO
SUGURO
SONODA
SANO
SHIMIZU
SAKAGOSHI
SHIRAHASHI
SATO
SATO
TONOKE
TERUNUMA
TAKEDA
TANAKA
TAKAHASHI
TASHIRO
UEDA
UNO
USfflODA
UCHIKOSHI
WATANABE
YUKAWA
YOSHIYAMA
YAMAMOTO
YAMANE

Kazuko
Hideyuki
Toshihide
Yasutoshi
Haruyo
Shigeru
Miroyuki
Takae
Yuji
Takerou
Takahisa
Maki
Shinobu
Takeshi
Hirobumi
Takamitsu
Kiyomi
Yoshihisa
Daisuke
Kazuhiko
Naomi
Takehiro
Madoka
Tomoo
Sinji
Akihiro
Tadahito
Shusaku
Fuyumi
Takashi
Tomokazu
Jun
Masahiro
Masakazu
Yoshinori
Tadao
Yasuji
Toshikatsu
Shinichi
Tatsunori
kiyoshi
Kaori
Kenya
Yoshinori
Toshiyasu
Takashi
Naruhito
Osamu
Hirochika
Koichi
Hiromi
Miho
Kotaro
Junko
Seiji
Tadao
Mayumt
Shinsuke
Masato
Yuichi
Takashi
Mayumi
Koji
Kazuhiko
Hiroshi
Toshihiro
Yuichi

JAERJ
JAERJ
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JNC
JAERI
JAERI
JAERI
JNC
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JNC
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JNC
JNC
JAERI
JAERI
JAERI
Toyohashi University of Technology
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
JAERI
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