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Nuclear Energy and Safety
Research Department (NES)

4 Jean-Marc Cavedon (top right),
Head of the Nuclear Energy
and Safety Research Depart-
ment (NES), and snapshots of
selected group events taking
place during 2009: Klausur
(NES conclave), NES PhD Day,
Newcomers’ Day.

The strategic areas of activity within NES comprise the following:

e contributions to the safe and economic operation of the existing NPPs in Switzerland
and proof of the safe geological storage of radioactive waste by reinforcing the scien-
tific bases of the technologies in the appropriate areas;

support to the reactor operators and safety authority in Switzerland, as well as the se-
curing of stand-by functionality in key areas, particularly those requiring the services of
a Hot Lab;

preparation of inputs to ‘stakeholders’ for decision-making purposes;

promotion of nuclear energy by means of R&D in terms of increased sustainability,
safety and economy;

training of young nuclear specialists, including those with experience in other energy
systems, over a broad spectrum of disciplines;

support and participation in the worldwide ‘renaissance’ of nuclear energy, and of its
relevance to the current needs within Switzerland.

NES is structured into five research laboratories according to its specific scientific and
technical areas of competence. It operates the only Hot Lab in the country, and the Reac-
tor School offers education and training programmes for present and future reactor op-
erators. In strong partnership with the two Federal Institutes of Technology, ETHZ and
EPFL, NES contributes to the newly launched education programme: the Swiss Master in
Nuclear Engineering.
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Nuclear energy research and its complete toolbox

Jean-Marc Cavedon

Nuclear Energy and Safety Research Department, PS/

The need to understand nuclear energy production systems ‘from the atom to the reactor’ comes somewhat

closer to operational reality every year. Such a comprehensive philosophy calls for a multitude of levels of

research, and a broad spectrum of research tools to be available. This year’s selection of scientific highlights

from the Nuclear Energy and Safety Department have been chosen specifically to illustrate the variety of tools

belonging to the nuclear energy researcher’s toolbox, from an ab initio description of materials, to fluid me-

chanics, and on to plant-scale energy models.

Nuclear energy originates by nature from subatomic events:
i.e. nuclear fissions, which deliver energy to complex-engi-
neered power units in the gigawatt range. This inherent dual-
ity between the microscopic and the macroscopic worlds has
served to shape the various research areas in nuclear energy,
and to define the numerous, and complementary, experi-
mental and numerical tools needed. The research topics from
2009 are representative of the full range of tools NES uses
to obtain quality results, and to report its state-of-the-art
research accomplishments.

Experiment, theory and simulation

The exponential increase in computing power brings nu-
merical simulation on par with traditional experimental ap-
proaches in developing understanding of the basic physical
phenomenaimportantto nuclear energy and safety. M. Krack
reports on the computer-simulated ‘heating’ of an UO; crys-
tal up to 1500K, based on solid theoretical foundations (in
this case quantum physics). This work could be described as
an insilico experiment on a (virtual) radioactive sample. The
neologism makes even more sense if one assigns the term
in vitro to experiments in which all parameters are well-
controlled, while in vivo would point to full-scale experiments
in which the complexities of a completely engineered system
(for reactors), or of the natural environment (for geological
repositories), are preserved.

High performance computing

The next illustration of recent developments consuming
hundreds of thousands of CPU-hours peryear has to do with
the behaviour of structural materials under nuclear condi-
tions, in this instance the Fe-Cr-C system as a simplified
model for steel, and ultimately for high-temperature steels,
such as the oxide-dispersed-strengthened (ODS) family. A.C.
Uldry et al. show that calculations based on Density Func-
tional Theory already bring insights into how Cr atoms are
clustered (or, conversely, soluted) in an Fe matrix according
to the Cr content. Magnetism is believed to be the micro-
scopic origin of the newly emerging properties, such as atom
clustering.

High-accuracy / high-resolution measurements

An interdisciplinary team at PSI has been involved in a new
estimate of the half-life (t;) of ¢°Fe (1. Glinther et al.). Sepa-
ration chemists, analytical chemists, radiation physicists
and astrophysicists have all combined to determine the half-
life by installing a known number of ¢°Fe isotopes in a low-
radiation background environment and measuring the abso-
lute number of gamma rays emitted by their daughter ¢°Co
isotopes. The accuracy of the measurement is an improve-
ment by a factor 12 over previous estimates. Surprisingly, this
notable step forward in accuracy has revealed a value for ty/,
somewhat higher (by 75%) than that previously accepted.
This finding will force astrophysicists and cosmologists, i.e.
the modellers of the Solar System and Universe, to revise
their present models. Also noteworthy is the fact that the
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large collection of 10" or more isotopes of ®°Fe was made
possible by transmutation reactions created during the
bombardment of a copper block by the very high current of
high-energy protons at PSI in the SINQ facility.

Safe underground storage is also a topic that benefits from
high-resolution measurements. D. Popov et al. show that
crystallography with present-day, high brilliance X-ray beams
canyield precise identification of the structure and composi-
tion of micron-sized crystals in a highly heterogeneous en-
vironment. To help understand how the cements used today
for packaging radioactive waste will look in 100 millennia,
the team of geochemists have studied 100 000 year old
natural cements, and have identified in them tiny tobermorite
crystals. The micrometric spatial resolution of the micro-XAS
beam line at SLS was crucial in extracting a clear signal for
analysis from a very heterogeneous sample.

Full-scale and small-scale facilities

Present-day studies of the safety of nuclear reactors do not
rely solely on atomic-scale calculations, and this by a long
way. Large-scale phenomena are essential in describing real-
life configurations. This year’s example is given by D. Paladino
et al., who have studied the mixing of hydrogen, steam and
air that would be found in a nuclear reactor containment
aftera (hypothetical) core overheating incident. Gas stratifi-
cation could lead to the formation of hydrogen-rich layers,
with the risk of hydrogen deflagration or detonation. The
numerous mass and heat sources/sinks generated by the
operation of various safety devices tend to destroy these
layers by turbulent mixing. The dynamic interplay between
the build-up and destruction of such layers will ultimately
give rise (or not) to a hydrogen-risk situation.

Nothing less than full-height experiments (i.e. tens of metres)
in highly-instrumented vessels, such as exist in the PANDA
facility at PSI, can deliver the basic data needed for evaluat-
ing and mitigating the risks of such rare gas-mix configura-
tions. The data collected are also essential for calibrating
the complex Computational Fluid Dynamics (CFD) calculations
used today, including any three-dimensional effects.

In contrast, there is still a crucial role to be played by small-
scale experiments, or separate-effect tests, in which spe-
cially developed instruments provide the local measurements
needed to further improve the CFD codes, and for thorough
training of students in the field.

Nuclear energy as a part of the
sustainable energy mix

The reliable and safe operation of nuclear power plants,
together with the safe, long-term disposal of nuclear waste,
are essential ingredients for the social acceptance of this
energy source. A clean ecological record, and economic
competitiveness, are the two principal criteria to be satisfied
for nuclear energy to be regarded as a sustainable option.
Plant-scale energy scenarios, like the ones devised by H.
Turton et al., provide understanding of the position and trends
ofthe share of nuclear energy in the sustainable energy mix.
The results extracted from the ADAM project (co-funded by
the EU) stress what stringent CO, atmospheric concentration
targets would mean in terms of the technology development
needed to meet these targets, and at what cost. The targets
range from none, or ‘business as usual’, to a very stringent
400 ppm at the end of the century, barely higherthan today’s
380 ppm.

Focusing on the nuclear share of the supply mix, it appears
thatin all scenarios the nuclear fleet must at least double by
2050, but then decrease almost to the present level if ura-
nium resources are consumed using today’s technology (Light
Water Reactors). If a more resource-sparing reactor techno-
logy is assumed, i.e. utilising fast-breeder reactors, the nu-
clear share soars to 30% of the world’s electricity supply,
while simultaneously reducing the cost of CO, mitigation
measures by just a few percent in terms of world GDP.

Conclusions

The list of ‘tools’ used to obtain the results presented in the
following pages includes computers, samples of nuclear
waste or geological cements, detectors, mass spectrometers,
X-ray beams, and full-size instrumented vessels, together
with a global and accurate description of all technology
sources.
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NES facts and figures for 2009

Peter Hardegger

Nuclear Energy and Safety Research Department, PS/

Federal funds for nuclear research have remained stable, and the small growth seen last year in third-party
funding has continued during 2009. Compared to 2007 and 2008, the turnover rate of personnel within NES
was somewhat reduced. The economic crisis may have relieved some of the pressure on NES arising from the
industrial sector, but nevertheless, from the NES standpoint, the recruitment market was still difficult in some
research areas. With a total of 35 new staff members, most of the vacancies could be filled, and we could also

compensate for those leaving during the year.

General Situation

After the steep decline in federal funds for nuclear research
in the 1990s, and the efforts to compensate this decline as
much as possible by third-party financing, the funding situ-
ation stabilised after the year 2000. Since 2005, a small
growth could even be sustained, and, with an accelerating
trend after 2007, this growth has continued during 2009. As
before, this is based solely on the acquisition of additional
third-party funding during the year.

The positive overall climate for nuclear research has contin-
ued, in sharp contrast to the current economic crisis. The
employment situation in 2009 for NES improved substan-
tially because the job market became more relaxed, which
greatly helped NES consolidate its staffing levels.

250

I
@ PSl-funded 3rd funded
PSI planned 3rd planned

PersonYears/a (w.o. PhD)

50

Personnel

With 35 new staff members, 2009 was still a year which can
be regarded as one with a very high recruitment rate. This
was the third yearin a row in which more than 30 people had
been recruited. In 2009, not only could the 16 staff members
who left PSI be replaced, but most of the existing open posi-
tions could also be filled, resulting in a very low number of
vacancies still outstanding by the end of the year. As a result

50-60
40-50
3040
20:30
20
Figure 2: Age structure of the 2009 recruitments.
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Figure 1: History of NES funding resources.

Figure 3: NES age structure 2007-2009.
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of the continuing recruitment of young people, the trend in
the overall average age of NES staff continued downwards.
After the departure of many senior management staff in the
preceding few years, the situation was much more stable
during 2009, which has given the younger replacement staff
room to consolidate their responsibilities and positions.
The number of open positions, which peaked at over 30 dur-
ing 2008, but which could be reduced to 15 by the end of that
year, was reduced further to 6 by the end of 2009.

In total, 16 NES staff left during 2009, out of which 4 were
doctoral students who had successfully completed their
course of studies. Simultaneously, over the year, the number
of doctoral students increased, and now stands at 28.

Finances

The PSI resources, meaning the money made available
through direct ETH-domain funding, remained constant dur-
ing 2009. The funds made available for consumables and
expenses were back to normal, having been at a reduced
level the previous year.

A number of existing contracts could be renewed during the
year, and adjusted to take into account increased costs.
Several new contracts, with both existing and new partners,
came into force, which supplied the increase of third-party
funding necessary to sustain the overall growth of the depart-
ment.

In total, 7 M CHF were available for investments and mainte-
nance, made up of 1.7 M and 5.3 M CHF from PSI and third-
party funds, respectively.

Total 215 employees

aPsl

M PSII3rd Docs

M PSII3rd Postdocs

@ 3rd Individual Projects

™ 3rd New Generation Staff
M 3rd Regulatory Research
M 3rd Hotlab Infrastructure

Figure 4: How NES staff salaries are paid, showing the
breakdown into PSI, third-party and joint funding.

Partners/ Contracts

Traditionally, the main emphasis of the research within NES
(39%) is on safety issues relating to the existing Nuclear
Power Plants (NPPs) within Switzerland. This also reflects the
political responsibility of NES to support the safe operation
of the Swiss NPPs. These activities are mainly supported by
Swissnuclear (the association of operators of the Swiss NPPs)
and ENSI (the Swiss Nuclear Safety Inspectorate), which are
two of the largest third-party funding partners of NES, while
research on existing safety systems and future reactor con-
cepts (17%) is mainly funded from international collabora-
tions (e.g. EU and OECD projects).

Waste management research is the third largest single activ-
ity within NES (13%). It is principally funded by Nagra (the
National Cooperative for the Disposal of Radioactive Waste),
which is itself the third of the largest third-party funding
sources for the department.

@ Safety of existing plants

m Safety of future reactors

O Waste management

O Systems analyses

B Infrastructure/maintenance

Figure 5: Distribution of resources for 2009.

Research in the field of Energy Systems Analysis is also an
important fraction (9%) of the research conducted in NES,
and one that has a very high visibility. The effort here is a
common venture with the General Energy Department, and
is financed from various sources.

The costs associated with the operation of the large nuclear
facilities, the Hot Laboratory and PROTEUS, amounted to
about 22% of the available funds in 2009.

During the year, several important new contracts were finalised.
With ENSI, contracts for MELCOR, PISA, STARS, STARS-on-call
and PASSPORT were signed, and Nagra is funding additional
infrastructure at PSI for waste management research. Two new
EU contracts were also signed (GETMAT, CP-ESFR), and the
infrastructure cooperation with AREVA has been extended.
Within the framework of our existing contracts, 17 work state-
ments/orders were signed (2 on HRA, 2 on STARS, 8 for the
Hot Laboratory, and 5 with Swissnuclear). In addition, sev-
eral general funding agreements were renewed.
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The Swiss Master in Nuclear Engineering:
an EPFL/ETHZ /PSI/ Industry collaboration

Rakesh Chawla', Horst-Michael Prasser?

"EPFL and Nuclear Energy and Safety Department, PSI

2 ETHZ and Laboratory for Thermal Hydraulics, PS/

The Swiss Master of Science in Nuclear Engineering (NE) represents the first-ever common degree offered

jointly by the two Swiss Federal Institutes of Technology, EPFL and ETHZ. Another unique aspect is that PSI - as

the national research centre where most of the country’s fission-related R&D is conducted - has a crucial role

to play in this new educational programme. The main features and experience acquired to date with the running

of the NE Master are described here, and a brief glimpse is given of future prospects.

The Swiss Federal Institutes of Technology at Lausanne
(EPFL) and at Zurich (ETHZ) - in their capacities as the only
two national technical universities in Switzerland — have a
rich and long tradition in nuclear technology education.
Student research, particularly at the doctoral level, has usu-
ally been conducted in collaboration with PSI, where almost
all of the country’s fission-related R&D is presently carried
out.

Bologna and the nuclear renaissance

Since September 2008, a new dimension has been added
to nuclear education in the country: the establishment of a
Swiss Master of Science in Nuclear Engineering (NE) degree
[1]. This advancement is due mainly to two important factors:
the widespread implementation of the Bologna Process for
European University Education on the one hand, and the
worldwide nuclear renaissance (being felt currently) on the
other. The realisation of this first-ever joint EPFL-ETHZ degree
isin fact very much in line with similar developments being
undertaken in other European countries, notably Belgium
and Finland, where universities are collaborating to respond
to the need for Master-level education in this highly multi-
disciplinary area [2].

The overall goals of the NE Master’s programme are diverse,
and have formed the main basis for establishing its curricu-
lum structure and contents. These are: (i) to provide in-depth
knowledge of the fundamentals and technology in harness-
ing the power of nuclear fission for safe and reliable energy
supply, (ii) to provide complementary knowledge on nuclear
fusion, (iii) to provide knowledge on nuclear techniques in

medicine, research and industry, (iv) to provide a view of the
entire nuclear energy conversion system, and (v) to underline
the positioning of nuclear energy as part of a global sustain-
able energy mix.

Curriculum and organisation

The NE Master — which is taught entirely in English — is cur-
rently a programme of 90 ECTS' credits, i.e. extending over
three semesters. The first two semesters are spent on course
work, the final semester being devoted to an 8-week indus-
trial internship, followed by a 17-week research project. The
basis for implementation of the programme, as detailed
below, has been provided by the close collaboration, not
only between EPFL and ETHZ, but also with PSI and Swiss-
nuclear. Thus, the students spend their first semester at
EPFL, the second at ETHZ, while the third is spent mainly at
PSl on the selected research project.

There are seven compulsory courses in the NE Master, cor-
responding to 28 ECTS credits in total. These are: Neutronics,
Reactor Experiments, Reactor Technology, Nuclear Fuels &
Materials, Nuclear Safety, Special Topics in Reactor Physics,
and Nuclear Energy Systems (relating to the nuclear fuel
cycle). An additional 20 ECTS credits of course work, which
the students need to complete, correspond to five NE core
electives. These are chosen from 12 optional courses offered
in the following three tracks: Energy Systems, Physics and
Materials, and Thermal Hydraulics. The remaining ECTS

" European Credit Transfer System
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credits are acquired from a free elective course (4 credits),
a course in entrepreneurship (2 credits), a semester project
(6 credits), and finally the combination of industrial intern-
ship and Master-level thesis (30 credits).

The semester projectis aimed at introducing the students to
R&D in nuclear engineering. The topic is chosen by the stu-
dent himself/herself, largely on the basis of a 1-day technical
visit to PSI, arranged towards the end of the first semester.
Here, the principal on-going NES research activities are
presented, along with an indication of possible Master-level
thesis topics. This constitutes an important criterion for the
student’s choice of laboratory in which to work, since the
semester project is usually considered as a preparatory phase
for the thesis. As illustration, Table 1 lists the different R&D
activities presented during the students’ visit to PSl in De-
cember 2009.

R&D Activity Responsible
Laboratory
1. | Experimental Reactor Physics )
2. LWR Core & Transient Analysis Reactor PhyS|CS. and
Systems Behaviour
3. | Gen. IV Fast Reactor Studies
4. | Thermal-Hydraulics Phenomena )
- Thermal Hydraulics
5. | Severe Accident Phenomena
6. Nuclear Fuels R&D
7. | Reactor Component Safety Nuclear Materials
8. High Temperature Materials
9. Analytical Techniques (Fuels) Hot Lab
10. | Waste Management Waste Management
11. | Technology Assessment
- — Energy Systems
12. | Risk & Human Reliability
13. | Materials for Nuclear Fusion Centre for Research in
14. | Magnets for Nuclear Fusion Plasma Physics (EPFL)

Table 1: NES presentations made to the 2009 batch.

As regards organisational aspects, the NE Master is con-
ducted under the supervision of a core group, composed of
professors from the two universities, the head of NES, and a
representative of Swissnuclear. Applicants to the programme
hold Bachelor degrees in various fields, physics and me-
chanical engineering being the most common; selection of
the best candidates for admission to the NE Master is one of
the principal functions of the core group.

Although many of the NE courses are taught by EPFL and ETHZ
professors, a key challenge has been finding the additional
lecturers needed to meet the demanding requirements of the
full Master curriculum. Here again, the PSI contribution has
been crucial, the supplementary academic personnel needed
having been recruited largely from senior NES staff.

The first batch of NE Master students will receive their degrees
in October 2010. These will carry the title of “Master of Sci-
ence in Nuclear Engineering EPF Lausanne — ETH Ziirich” and
will bear the emblems of both universities.

Experience to date and prospects

As of the end 0f 2009, there are 25 students carrying out the
NE Master programme — 12 from the 2008 batch and 13 from
2009. Only about 30% of these are students originating from
Swiss universities. As such, the programme, although natu-
rally addressing Switzerland’s needs, is clearly to be viewed
in an international context: namely, that of the Bologna Pro-
cess. This is further evidenced by the fact that, during the
last semester at Lausanne, there were several exchange
students in Nuclear Engineering from other European coun-
tries.

The general feedback from the NE Master students them-
selves has been very positive. Those of the first batch — the
ones who have completed the two semesters of course work
at EPFL and ETHZ — report that attending classes in two dif-
ferent universities has indeed been an enriching experience.
In spite of the diversity of theirtechnical backgrounds at the
Bachelor level, all the students have found the courses both
interesting and challenging. Moreover, the wide range of R&D
topics made available for the research work undertaken at
PSI has been seen as a noteworthy strength of the pro-
gramme.

The experience acquired to date with running the NE Master
has, however, also brought out the need for upgrading the
programme from 90 to 120 ECTS credits. On the basis of
detailed deliberations conducted during 2009, it has accord-
ingly been decided to introduce — starting September 2010
— an additional semester. This will be spent largely at PSI,
and will involve the integration of new courses, as well as
allowing an increase in the time available for the industrial
internship and for research. It is expected that this forthcom-
ing change will not only strengthen the programme as a
whole, but also serve to further enhance its compatibility
with other major nuclear engineering programmes in Europe.
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Current activities within LRS are centred around four principal project areas:

LIFE@PROTEUS

This project aims at improving measurements of fission-rate distributions across the in-
terface between fresh and highly burnt fuel. The data will serve to validate modern reactor
analysis codes, especially in regard to detailed pin-power calculations.

PROTEUS-UPGRADE

This projectis concerned with the upgrading of the PROTEUS zero-power reactor to contain
significant amounts of radio-activity, as a pre-requisite for the measurement of large
quantities of highly burnt fuel. At the same time, requirements by the regulator with respect
to I&C and earthquake resistance are being addressed.

STARS

The STARS project aims at the development, maintenance and application of a comprehen-
sive code system, togetherwith the necessary input database, to enable a safety assessment
of the Swiss nuclear reactors from “the pellet to the turbine” to be made. Focus areas include
neutronics analysis of the reactor cores (including fast-fluence evaluations and criticality
safety assessments), coupled (neutronics-TH) transient analysis of plant systems, and un-
certainty analysis for TH and neutronics problems, and fuel behaviour modelling. This project
cultivates the multi-physics aspects of plant safety assessment for LWRs.

FAST

This projectis aimed at the development and implementation of a code system represent-
ing state-of-the-art safety analyses of nuclear systems with fast neutron spectra (Gen IV
reactors). Its specialities are the comparative analysis of gas-cooled, lead-cooled and
sodium-cooled fast reactor systems, and the evaluation of iso-breeding equilibrium cores.

Education

The research projects within LRS additionally provide motivation and subject material for
doctoral and MSc theses in support of training in nuclear technology at EPFL, and are
strongly coupled with the joint EPFL-ETHZ Nuclear Masters Programme. It also includes
teaching assignements of senior collaborators.
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Approaching uranium dioxide from first principles

Matthias Krack, Laboratory for Reactor Physics and Systems Behaviour, PS/

Numerical simulation based on first principles has matured to become a third pillar of equal importance in research
to the two classical pillars of experiment and theory. Accurate and reliable simulation methods, based on the
fundamental laws of physics, are now available for chemical reactions using supercomputers, thus opening a new

era in materials research. The behaviour of nuclear fuel, such as uranium dioxide, can now be determined nu-
merically, thereby reducing the need for difficult, costly and hazardous experiments. The properties thus deter-
mined can be used as input parameters to the macroscopic fuel performance codes employed for safety evaluations.

In recent decades, numerical simulation has become, along-
side experiment and theory, the third major component in
research, and fundamental research in particular is driven
nowadays by the strong interplay between these three basic
ingredients (Fig. 1).

Advances in the use of simulation techniques is due to the
rapid growth in computing power. The development of ac-
curate and reliable simulation methods has opened the door
to a new quality of research in, for example, biology, chem-
istry and materials technology. For instance, chemical reac-
tions are now performed in the computer (in silico biology)
using first-principles simulation methods. In this way, com-
puters have become virtual laboratories, and supercomput-
ers can now be regarded as a new kind of high-performance
research facility, complementary to experimentation.

First-principles methods

First-principles, or ab initio, methods are directly derived
from an accurate description of the established laws of phys-
ics, involving no ad hoc assumptions or fitting parameters.
Their predictive power originates from this basic concept.
Prominent examples are electronic structure methods, which

Figure 1: Interplay of major research ingredients.

solve the Schrédinger equation of quantum mechanics to
obtain the wavefunction of a system. Once this is known,
then, in principle, all kinds of physical properties can be
derived from it. However, itis difficult to solve the Schrédinger
equation, since the electrons behave as non-classical parti-
cles, and exhibit complicated, correlated motions with re-
spect to the nuclei. A straightforward, ‘brute-force’ solution
is already computationally too demanding, even for systems
with just a few atoms. Controlled approximations that can
be physically justified are required.

Forinstance, an important approximation that is commonly
being applied is the adiabatic separation of the motion of
nuclei and electrons, also known as the Born-Oppenheimer
approximation. The separation is physically justified because
of the large mass difference between nuclei and electrons.
However, to determine the correlated motion of the electron
alone still remains a challenging problem, and many ad-
vanced techniques are employed for its solution.

Density Functional Theory (DFT) has become a very popular
and efficient approach to tackle the problem. Hohenberg and
Kohn [1] showed in their seminal work in 1964 that there is
a one-to-one correspondence between the electron density
and the energy of a system. The advantage of dealing with
the electron density rather than the wavefunction becomes
immediately obvious if one notes that the wavefunction of
an N-electron system depends of 3N coordinates (or even 4N
if spinis included). In contrast, the electron density is given
by the square of the wavefunction integrated over N-1electron
coordinates, which only depends on the 3 spatial coordi-
nates, independently of the number of electrons. Within the
framework of DFT, the electronic interactions are described
by a functional that provides a direct mapping between
electron density and energy. Though the exact functional is
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not known, functionals derived from the physical properties
of the electron gas have been derived. The results obtained
are surprisingly accurate and reliable, even though one would
not intuitively expect that the electrons in a crystal ora mole-
cule to bear any resemblance to an electron gas. Conse-
quently, strongly correlated electrons, like the d-electrons of
the first-row transition metals, or the f-electrons of the lan-
thanide and actinide elements, are challenging for DFT
methods, and require special treatment. Moreover, for the
heavy actinide elements like uranium, appropriate consid-
eration of the relativistic effects is also needed.

Ab initio molecular dynamics

Nowadays, using a supercomputer, it is possible to solve the
electronic structure problem for an atomic configuration
consisting of about 100 atoms in less than a minute with
advanced implementations of the DFT method [2]. The actual
potential of the system is calculated ‘on-the-fly’, based on
first principles. The energy and the forces on all the atoms are
computed, which allows propagation of the system in time by
integrating Newton’s equation of motion. An integrator time-
step of the order of a femtosecond (107°s) is needed, due to
the fast motion of the atoms. This is a very short interval, but
many chemical reactions take place on a femtosecond time-
scale, and simulation times of a few tens of picoseconds
(107"s) are often sufficient to simulate a reaction, thus ena-
bling insights to be gained at the atomistic level into the
elementary chemical processes. The upcoming SwissFEL ex-
periments will enable comparisons between experiment and
simulation to be carried out on the same time-scale. In this
way, further validation of the applied simulation techniques
and their underlying theoretical methods can be achieved.

Simulation of nuclear fuels

Nuclear fuels consist of actinide materials. Experiments with
such materials are difficult, and are often very expensive,
especially ifirradiated material is to be examined. Computer
simulations using DFT methods provide an alternative way
to obtain reliable data for these materials, which can then
be used as input parameters for fuel-performance codes. In
this way, a direct link from the atomistic scale to the macro-
scopic simulation methods employed for safety evaluations
of nuclear facilities may be established. Accordingly, the
development, validation and application of new computa-
tional tools that exploit the performance of modern super-
computing facilities are required. This is the main goal of the
materials simulation group, which is a new activity within

Figure 3: Snapshot from a molecular dynamics simulation of
pristine UO; at 1 bar and 1500 K.

the STARS project at PSI. The CP2K program package [3] for
atomistic simulations is being developed in the framework
of an open-source project with a focus on the application to
actinide materials, such as uranium dioxide (UO,). This is
technologically one of the mostimportant actinide materials,
since itis the main component of the nuclear fuels currently
employed in power reactors. Figure 2 shows the fluorite
structure of pristine UO,.

This sample was computationally ‘heated’ to 1500 K at 1 bar
pressure using the ab initio molecular dynamics scheme
implemented in CP2K. As seen in Fig. 3, the oxygen sublattice
already exhibits a much higher disorder than the uranium
sublattice at this temperature.

The work described here has been undertaken within the EU
FP7 project F-BRIDGE [4].
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Gamma-ray and delayed-neutron measurements
of fission-rate distributions in burnt fuel

Kelly A. Jordan, Hanna Krohnert

Laboratory for Reactor Physics and System Behaviour, PS/

The LIFE@PROTEUS programme is being undertaken at PSI to characterise the interfaces between burnt and

fresh fuel assemblies in modern Light Water Reactors (LWRs). In this context, new techniques to measure fis-

sion rates in burnt fuel are currently being developed by the PROTEUS reactor team. Following irradiation in

PROTEUS, the induced fission rates for fresh- and burnt-fuel samples are estimated through the detection of

both the high-energy gamma rays (i.e. above 2200 keV) emitted by short-lived fission products freshly produced

in the fuel, and by delayed neutrons. Experimental results using both techniques have successfully demon-

strated the feasibility of such measurements in burnt fuel.

Higherinitial fuel enrichments and discharge burn-ups have
led to increasingly heterogeneous core power distributions
in modern nuclear power plants. In the light of these trends,
PSI has launched, in collaboration with Swissnuclear, an
experimental programme called LIFE@PROTEUS [1], which
necessitates an upgrade of the PROTEUS reactor at PSI. One
of the goals of the programme is to accurately measure the
pin power distributions across the interfaces between fresh
and spent fuelin the PROTEUS test zone. As a consequence,
novel experimental techniques are needed to determine the
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Figure 1: Layout of the lattice mock-up in the PROTEUS test zone.
The 5%-enriched fresh UO; fuel pins are marked in black,

while the positions available for insertion of fresh and burnt
fuel samples are marked in red.

fission rates in both fresh and spent fuel pins. Two new
techniques are currently being evaluated. One utilises the
high-energy y-rays (above 2200 keV) emitted by short-lived
fission products freshly produced in the fuel [2], and the
other makes use of the output of delayed neutrons following
irradiation [3].

Experiment

To demonstrate the feasibility of such techniques, fresh- and
burnt-fuel samples, with nominal burn-ups of 0 (fresh), 36,
46 and 64 GWd/t, have been irradiated in the PROTEUS test
zone, and, in separate experiments, their y-ray and neutron
emissions afterirradiation recorded. The mock-up lattice, in
which the samples were irradiated, is shown in Fig. 1. The
irradiation positions 18, 111, K7, K11, L11 and M8 are high-
lighted in red.

An example of the y-ray spectra obtained for the 36 GWd/t
sample before and afterirradiation is shown in Fig. 2. For the
first time in a zero-power reactor like PROTEUS, it has been
possible to detect the high-energy, freshly-induced y-ray
activity in burnt fuel, despite the high intrinsic activity (with
energies of up to 2200 keV).

Based on y-ray lines above 2200 keV from four short-lived
fission products with half-lives of 10-90 min. ("?La (2542
keV), 8Rb (2570 keV), 38Cs (2640 keV), and %Y (3576 keV)),
four estimates of the relative fission rates could be derived
by comparing the same samples irradiated in different lattice
positions. At the current state of analysis, in which the four
separate estimates were combined to a single estimate by
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Figure 2: Spectra of y-ray activity from the 36 GWd/t burnt
sample before irradiation (blue) and directly after irradiation
(red).
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Figure 3: Detector counts after irradiation of different fuel
samples for a reactor flux of 2x10° n/cm?s, corresponding to
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Figure 4: Comparison of C/Es for the gamma-ray and delayed-
neutron techniques.

taking a weighted mean, it appears that discrepancies be-
tween the measured fission-rate ratios may be attributed
primarily to the underlying statistical uncertainties.

With regard to the delayed-neutron approach for fission-rate
measurements in burnt fuel, the present method has the

advantage that, by this means, it is much easier to identify
the intrinsic neutron activity (mainly due to 2#Cm). Sample
neutron outputs are shown in Fig. 3. Accurate fission-rate
estimation requires a precise model of the delayed-neutron
source for each fuel sample, with the proper proportions of
neutrons in each delayed group.

Results

Comparison between the MCNPX-calculated and the exper-
imentally-derived fission-rate ratios (Calculated/ Experimen-
tal, C/Es) for both techniques are given in Fig. 4. The ratios
were measured for the given lattice positions (M8 and K7)
and a reference lattice position (L11) for fresh and 36 GWd/t
burnt fuel. The perspective for the future is to reduce the
statistical uncertainties of both y-ray and neutron measure-
ments by a method that increases signal data, such as repeat
measurements, irradiation at higher reactor power, or al-
teration of the detector system to increase count-rate and
efficiency.

Conclusions

Both the y-ray and delayed-neutron techniques show good
agreement with the MCNPX predicted values, and represent
an important first step in the validation of two novel experi-
mental techniques for the determination of fission rates in
both burnt and fresh fuel. As a result of this analysis, work
may proceed on comparing fresh-to-burnt fission rates ahead
of designing an advanced measurement station for the up-
graded PROTEUS reactor.
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Comparison of neutronic and safety parameters
of Gen-IV fast-spectrum cores

Jiri Krepel, Sandro Pelloni, Konstantin Mikityuk

Laboratory for Reactor Physics and Systems Behaviour, PSI

The advanced Gen-IV fast reactors should be capable of breeding their own fuel from low-fissile 238U, and to

recycle the actinides from their own spent fuel. This recycling, or more specifically the fuel-cycle closure, can

significantly reduce the amount of long-lived radioactive waste for ultimate disposal, and increase the sus-

tainability of uranium-fuelled reactors, albeit with a negative impact on safety. The numerical tool EQL3D has

recently been developed at PSl to study the equilibrium fuel-cycle procedure for fast reactors, to examine the

closed-fuel-cycle concept, and to generally compare the equilibrium safety-related parameters of Gen-IV

reactors.

The advanced Gen-lV fast reactors should be capable of
utilising 28U as a fissile fuel, and to operate in an iso-
breeding mode with a closed fuel-cycle. This conceptimplies
equal production and consumption of 2°Pu, and the complete
recycling of spent fuel. Each long-term simulation of an iso-
breeder reactor of this type converges to an equilibrium
condition.

The recently developed EQL3D numerical procedure [1] can
be used to provide a quantitative description of the two basic
situations: (i) an open-cycle equilibrium — the result of peri-
odic operation with fresh fuel without recycling; and (ii) a
closed-cycle equilibrium — the asymptotic state resulting from
operation with fixed fuel management, and with recycling of
its own fuel. In both cases, EQL3D calculates explicit cycle-
by-cycle reactor operation under specified periodic fuel
management until an equilibrium state has been achieved.

Three Gen-IV fast reactors: namely, the Gas-Cooled Fast Reac-
tor (GFR), the Sodium-Cooled Fast Reactor (SFR), and the
Lead-Cooled Fast Reactor (LFR), have been compared in terms
of equilibrium-cycle safety and performance parameters [2].
The design-specific, fuel-cycle parameters have been ac-
counted for, and a ring-wise reloading pattern developed
[3-5] for all three cores (see Fig. 1).

Results

It was found that the iso-breeding capability of the initial
core depends principally on the 2°Pu/?8U mass ratio in the
fresh fuel. Furthermore, since this ratio tends to equalise in
equilibrium forall three cores, its initial value also determines
the time-dependency of the reactivity curve.
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Figure 1: Multi-batch reloading pattern for three Gen-IV cores.
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Figure 2: Evolution of (a) reactivity; (b) 239Pu / 238U ratio during the first 50 Effective Full Power Years (EFPY); (c) equilibrium void

reactivity; and (d) Doppler constant for open and closed fuel cycles.

As can be seen from Fig. 2a, the reactivity curves for all three
cores decrease during the first cycle, due mainly to the build-
up of fission products. The later evolution is influenced by
the variation of the 2°Pu/238U ratio. In the SFR case, the ratio
grows strongly towards equilibrium (Fig. 2b), inducing an
increase in reactivity. Therefore, the SFR reactivity curve is
always positive.

Forthe other two cores, the initial and equilibrium ratios are
comparable, and so do not provoke strong reactivity in-
creases. As a consequence, the corresponding reactivity
curves are partly negative after the build-up of fission prod-
ucts. This situation can be avoided by enlarging the initial
28 inventory, which increases the actinide load to the core,
and simultaneously decreases the initial 2°Pu/?8U ratio,
thus improving the reactivity curve evolution [3].

The EQL3D procedure also enables safety-related parameters
to be directly compared. As an example, void reactivity and
Doppler constant [2] are also shown for equilibrium open
and closed cycles. The void reactivity (Fig. 2c) depends pre-
dominantly on the type of coolant voided in the core. For
example, the void reactivity is around 300 PCM (Per Centum
Mille =1075) for the GFR core, 1800 PCM for the SFR core, and
more than 4000 PCM forthe LFR core. The SFR and LFR cores
have relatively high void reactivity, but the difference between
open and closed cycles remains below 10% for these two
cases.

The second important parameter is the Doppler constant,
which is only indirectly influenced by the type of coolant,
through the neutron spectrum. However, the differences

between the cores are very noticeable (Fig. 2d). Since the
equilibrium 23°Pu/?8U ratio is almost the same for all three
reactors, the differences between the Doppler constants may
be attributed to their different spectra. Nonetheless, also in
this case, the values for open- and closed-equilibrium cycles
are in the same range (with a 15% variation). Similar results
were also found for the other safety-related parameters.

Conclusions

In spite of the similar equilibrium 2°Pu/%8U mass ratio, the
safety-related parameters for the GFR, SFR and LFR reactors
are seen to differ strongly as a consequence of the different
coolants and spectra. Nevertheless, the results for open- and
closed-fuel cycles seem to be comparable. Thus, from a
neutronics point of view, once optimised, all three cores
could serve as sustainable (i.e. iso-breeding) and clean (in
terms of fuel recycling) energy sources.
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4 Advanced experiments for
nuclear safety: large-scale
containment tests on
hydrogen behaviour (top),
liquid films in BWR fuel
rod spacers (bottom left),
aerosol depositionina
PWR steam generator tube
bundle (bottom right).

The Laboratory develops, validates and applies simulation tools at the cutting edge of
modelling technology, with a focus on multi-phase and multi-component flows in nuclear
reactors and containments, flow boiling and condensation heat transfer, turbulent mixing,
aerosol physics and iodine chemistry. The work is oriented towards a stepwise transition
from empirical to fundamental modelling on the basis of a multi-scale approach to the
issues under investigation.

Efforts fall broadly into two main project areas.

ALPHA

The project addresses safety-relevant, thermal-hydraulic issues common to Generation Il,
Illand IV Nuclear Power Plants (NPPs) concerning accident situations, efficiency and plant
life-time management. Originally, the work was focused on the passive safety systems of
innovative Light Water Reactors (LWRs). More recently, the experimental base has been
broadened to encompass fundamental phenomena in both the primary circuit and contain-
ment of NPPs. The unique, large-scale containment test facility PANDA, which is the ex-
perimental backbone of this work, has evolved into one of the best instrumented and most
versatile containment test facilities in the world. A number of new small-scale tests,
equipped with high-resolution, multi-phase measuring instruments, complement the
large-scale facility, providing the parallel Computational Fluid Dynamics (CFD) activity with
its essential experimental database.

Source Term Evaluation

Activities here are centred around the ARTIST test facility, which provides unique data on
aerosol transport and retention during a severe accident involving a Steam Generator Tube
Rupture (SGTR) event. The particular focus on iodine chemistry has resulted in novel,
highly efficient methods for filtered venting of the containment to be constructed. Findings
from the tests have been incorporated in state-of-art, severe-accident analysis codes, such
as MELCOR. LTH is an internationally recognised competence centre in the field of beyond-
design-basis accidents and source-term analyses.
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Turbulent mixing of stratified fluid layers within
and beyond the OECD/SETH-2 project

Domenico Paladino, Michele Andreani, Guillaume Mignot, Ralf Kapulla, Robert Zboray, Nejdet Erkan,

Juirren Fokken, Horst-Michael Prasser, Laboratory for Thermal Hydraulics, PSI

Hydrogen may be released into the containment of a Light Water Reactor (LWR) during a (postulated) severe

accident. With the presence of hydrogen, there is always the risk of deflagration and/or detonation, so accurate

prediction of the actual hydrogen distribution in the containment volume becomes an important consideration

in assessing the overall risk. Mixing and stratification are key elements in determining the hydrogen distribu-

tion, and the PANDA tests within the OECD/SETH-2 project address these issues. In addition to the large-scale

PANDA tests, complementary, dedicated, small-scale experiments, featuring innovative measuring techniques,

are also being performed, focusing on the fundamental aspects of turbulent mixing phenomena in the presence

of strong density gradients.

Mixing and stratification are important phenomena in nu-
clear safety assessment: mixing of coolant streams in T-
junctions in parts of the primary reactor circuit during
Emergency Core Cooling (ECC) water injection, and in the
outlet duct of High Temperature Reactors (HTRs), are two
examples. The same phenomena also occur in a reactor
containment during a (postulated) accident involving core
overheating, in which hydrogen, steam and air are all present.
Stratification, due to the different densities of the gases, can
lead to a local increase in hydrogen concentration, and to
the formation of mixtures which could result in deflagration
and/or detonation.

The steam released from the primary circuit during a Loss of
Coolant Accident (LOCA), water injection by the spray system,
the heat release due to the functioning of the catalytic hy-
drogen recombiners, and the heat removed by containment
coolers, all induce turbulent flow conditions in the contain-
ment, promoting mixing and the subsequent destruction of
any potentially dangerous hydrogen-rich mixtures. Prediction
of the exact flow dynamics is a challenging task for both
advanced reactor system and 3D Computational Fluid Dynam-
ics (CFD) codes.

Experiments in the PANDA facility in the framework of the
OECD/SETH-2 project [1] are designed to increase understand-
ing of the mixing processes taking place in the initially
stratified gases making up the containment atmosphere, and
to quantify them by the creation of a database suitable for
the assessment and validation of the associated computa-
tional tools. The added value of the large-scale, multi-com-
partment PANDA facility [1] is its ability for tests to be per-

formed at a scale approaching those of the compartments of
an actual LWR containment using CFD-grade instrumentation.

PANDA experiments and simulations

The operating conditions reproduced in the SETH-2 tests
(injection geometry, extent of the helium/steam stratification
layer, temperatures, pressures, etc.) are all designed to be
representative of possible accident conditions in an actual
LWR containment, and so represent a relevant experimental
database for the accompanying numerical analyses.

An example is shown in Fig. 1, in which 2D/3D results ob-
tained using the GOTHIC code are compared with measured
data for one of the tests, named ‘Vertical Fluid Release’, in
which a vertical steam jet released into a PANDA dry-well
vesselimpinges upon an overlying helium-steam layer, induc-
ing mixing. A 2D, fine-mesh representation predicts the de-
struction of the stratification layerto occur afterabout 1400s,
while according to a 3D coarse-mesh simulation the stratifi-
cation persists up to 1800s.

Participants in the SETH-2 project (regulatory authorities,
industry and national research institutes) have also used the
test results for their own validation exercises, using codes
such as FLUENT, CFX, GASFLOW, ASTEC, TONUS and CAST-3M.
Other tests in the series focus on the influence of horizontal
jet release, containment sprays, containment coolers, hydro-
gen/oxygen recombiners, rupture disks, and the Integral
Passive Containment Cooling system on the hydrogen distri-
bution.
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Figure 1: Simulation of a PANDA test with the GOTHIC code.

Figure 2: Isokinetic mixing
in the GEMIX facility.

Stratified layer tests in GEMIX

Complementary to the PANDA tests, simplified, small-scale
experiments are also being performed. The data obtained are
more detailed than is possible in a large-scale facility, and
so are better suited to address the fundamentals of mixing,
and forthe improvement of the underlying numerical models,
particularly those representing turbulent mixing.

The GEMIX (GEneric MIXing) facility consists of a horizontal
channel of square cross-section in which two liquid streams
of different densities mix downstream of a splitter plate
separating the upper and lower halves of the channel in the
inlet section. In the channel, a combination of different, high-
resolution measuring techniques is employed [2]. Local liquid
velocities are measured using Particle Imaging Velocimetry
(PIV) and Laser Induced Fluorescence (LIF), and additional
measurements are provided by wire-mesh and wall sensors.
All the measured data together are aimed at characterising
the flow field, and quantifying the transport scalar describing
the progress of the mixing with a resolution sufficient to
capture the details of the turbulent structures close to the
stratified layers. Of particular importance is accurate visu-
alisation and parametric characterisation of the turbulent
mixing layer itself, especially the effect of the density gradient
on the enhancement and/or suppression of the turbulence
intensity. The statistical processing of such experimental
data, coupled with the accompanying fundamental numerical
turbulence modelling techniques, such as Direct Numerical
Simulation (DNS) and Large Eddy Simulation (LES), is prima-
rily directed towards the improvement of the turbulence
models used in CFD codes, and in the pseudo-3D system
codes currently used for integral containment analysis.

Figure 2 contrasts the mixing process foriso-kinetic streams
under unstably-stratified (i.e. heavy fluid above light fluid,
upperimage) and stably-stratified (i.e. light fluid above heavy
fluid, lower image) conditions in GEMIX. The mixing region
grows with distance downstream in the non-stratified case,
while this growth is almost completely suppressed in the
presence of stratification. That is, turbulent mixing in the
vertical direction (and consequently entrainment) is effec-
tively suppressed for the stratified case.

An important spin-off benefit is the fact that the small-scale
tests are especially rich sources of research for student
projects. In particular, students enrolled in the new Masters
Degree in Nuclear Engineering course, recently launched
jointly by ETHZ and EPFL, are actively involved in the project.

Summary

Mixing and stratification (of both liquids and gases) are
phenomena occurring in different parts of a nuclear power
plant, and in many other industrial-scale installations. Con-
sequently, the research activities reported here have a broad
range of application.
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Reynolds-Averaged and Large-Eddy-Simulation
studies of turbulent mixing in a square channel

Medhat Sharabi, Bojan Niceno, Laboratory for Thermal Hydraulics, PSI

The quantification of turbulent mixing is of fundamental importance in many engineering applications, includ-

ing chemical processing, environmental flow studies, and nuclear reactor operation and safety. It is essential

therefore, to develop a detailed understanding of the relevant phenomena, and to validate the accepted nu-

merical models in current use. In the present study, Reynolds-Averaged Navier Stokes (RANS) turbulence

models and Large Eddy Simulations (LES) have been applied to the mixing process of two iso-kinetic water

streams of similar densities flowing in a square channel.

Turbulent processes play an important role in many engineer-
ing applications involving the rapid and effective mixing of
fluids. Reliable prediction of mixing using numerical methods
is highly desired, but is computationally challenging, since
the mixing process takes place over a wide spectrum of
turbulent scales, necessitating the validation of different
turbulence models against experimental data. In this work,
the results of RANS and LES models are compared against
measured data from laboratory-scale experiments dealing
with basic mechanisms of turbulent mixing. The standard k-
turbulence model and the Reynolds Stress Model (RSM) are
employed forthe RANS modelling, and a number of subgrid-
scale (SGS) models forthe LES approach. The effects of using
different spatial discretisation schemes are also discussed.

Experimental set-up

The experimental facility GEMIX (Generic Mixing Experiment)
consists of a square channel of dimensions 50x50 mm,
constructed of acrylic glass, with the upper and lower inlets
separated by a splitter plate of 2 mm thickness (see Fig. 1).
Two co-current water streams at 20 °C, but with different
electrical conductivities, are introduced into the upper and
lower sections of the channel, and allowed to develop sepa-
rately over the splitter plate for 1000 mm before mixing.
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Figure 1: Schematic of the PSI EXTREM facility.
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Figure 2: Comparison of concentration isolines for the RANS (k-¢)
and LES (Smagorinsky) models.

Electrical conductivity measurements are performed using a
Wire-Mesh Sensor (WMS) [1] at channel cross-sections vary-
ing from 596 mm to 949 mm downstream of the splitter plate
trailing edge.

Calculations

The Fluent 6.3 CFD code [2] has been used forthe simulations
performed in this study, with the standard k-& and RSM tur-
bulence models being employed, the latter being specifically
applied to predict the secondary flows. In addition, the Large
Eddy Simulation (LES) approach has been employed with four
SGS models: Smagorinsky [3], Dynamic-Lilly [4,5], WALE [6]
and the turbulent SGS transport model [2]. All calculations
have been performed using the wall-function approach to
avoid excessive mesh concentrations near boundaries.
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Figure 3: Secondary flow structures, as predicted by the LES
models.

The entire channel, including the developing regions over
the plate, was discretised using around 500K hexahedral
meshes. The mesh resolution was Ay*=Az*=90 and
Ax*=160. The time-step used in the LES calculations is con-
strained by the time-scale of the smallest resolved scales of
motion and the maximum allowable Courant number. The
simulations were continued for 35 large-eddy turnover times,
of which the first 10 were used to achieve fully-developed
turbulent flow conditions. In addition, a further 25 turnover
times (i.e. 60 overall) were simulated to ensure that asymp-
totic conditions had been achieved.

Results

All the results shown below refer to the cross-section 949 mm
downstream of the splitter plate tip. In Fig. 2, it can be seen that
the standard k-€ model gives an almost flat profile, while the
RSM and LES models are both able to predict the qualitative
behaviour of the concentration isolines measured in the ex-
periment; in addition, LES gives good quantitative comparisons.
One merit of the latter two models is their ability to predict the
secondary flow structures shown in Fig. 3. These have a sig-
nificant influence on the mixing process, since they transport
low-momentum fluid from the corners of the channel to the
centre, and high-momentum fluid from the centre to the corners.
Comparing the different SGS models (Fig. 4), it is seen that
the kinetic energy SGS model, in which a further transport
equation (that for the SGS turbulent kinetic energy) is used
to determine the SGS eddy viscosity, gives the best results.
Figure 5 illustrates that all the SGS models give similar results
if the bounded central difference (BCD) scheme (a blending
of central and upwind differencing) is employed, and seems
to imply that the associated numerical diffusion has masked
the influence of the very low SGS turbulent diffusivity pre-
dicted by the models.

Figure 4: Comparison of concentration isolines obtained using
LES with different SGS models.
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Figure 5: Comparison of concentration isolines obtained using
LES with different SGS models (each employing the BCD
scheme).

Conclusions

RANS and LES turbulence models have been applied to
simulate the mixing of two iso-kinetic water streams in a
square channel. Best comparisons against experimental
data are obtained using LES with the turbulent kinetic en-
ergy SGS model. In addition, the bounded central difference
scheme appears to be over-diffusive, influencing the results
more than the SGS models themselves.
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Accelerated fuel cladding oxidation under

alr ingress

Jon Birchley
Laboratory for Thermal Hydraulics, PSI

Airingress, which can occur as a consequence of rupture of a reactor pressure vessel during a postulated severe

accident (SA), can lead to accelerated oxidation, fuel degradation and enhanced release of fission products,

especially of highly radiotoxic ruthenium. Existing oxidation models in SA codes do not represent all the rele-

vant physical processes, and are not guaranteed to be conservative. A new model has been developed at PSI

which attempts to capture the essential features of the oxidation kinetics. The model has undergone assess-

ment against data from separate-effects tests carried out at the Karlsruhe Institute of Technology (KIT). Imple-

mentation into MELCOR, the principal code used in Switzerland for analysis of SAs in Light Water Reactors

(LWRs), and assessment against integral data are currently underway.

The safety impacts of airingress on nuclear fuel elements at
high temperature have been investigated over many years in
severe-accident analyses involving failure of a Reactor Pres-
sure Vessel (RPV) lower head [1], or in Spent Fuel Ponds
(SFPs), following accidental loss of coolant. Possible situa-
tions that could occur are illustrated in Fig. 1.

The presence of air can lead to accelerated oxidation of the
Zircaloy cladding compared to that occurring in steam alone,
due to the faster kinetics, and the 85% higher heat-of-reaction
drives this process further. Air ingress is also characteristi-
cally associated with poor heat transfer. The combined effect
of these two factors can give rise to an increased rate of core
degradation.

Figure 2 shows the percentage mass loss with air compared
to pure oxygen, demonstrating the faster kinetics after a
slower initial period. Nitrogen alone remains comparatively
unreactive, and acts mainly as a catalyst. (Note that rig
limitations often require that oxygen be used as a substitute
for steam; separate experiments have demonstrated that the
gases behave similarly.)

Late phaSE after RPV failure Spent fuel p°u| accident

breach in
primary
j .

Residual fuel \
elements .

Figure 1: Examples of air ingress situations.
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Figure 2: Effect of nitrogen during air oxidation.

Also shown in Fig. 2 is the formation of zirconium nitride
inclusions, these causing the oxide scale to break away, thus
reducing both the resistance to further oxidation and the
effectiveness of the oxidised cladding as a barrier to fission
product release. Furthermore, the exposure of uranium diox-
ide to oxygen at high temperatures can lead to increased
volatility of some fission products, in particular ruthenium,
which is highly radiotoxic.

MELCOR [2] is the principal numerical tool in use in Switzer-
land for analysis of severe accidents in LWRs, from initiating
events through to potential release of radionuclide fission
products into the environment. MELCOR is supported by the
SCDAP-based codes, which offer more detailed treatment of
thermal hydraulics and core degradation. However, neither
code adequately models all of the important aspects of air
oxidation — particularly the transition to breakaway oxidation
— and cannot be guaranteed to be conservative. A new
model is required to redress this deficiency.
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Model development

Models for cladding oxidation are typically based on the
principle that the oxide forms a protective layer, which retains
its integrity, thus reducing the rate of further oxidation (in
proportion to its thickness). The evolving kinetic rate is re-
ferred to as ‘parabolic’. Experimental data support this
model over a wide range of accident conditions in which
steam is the principal oxidising agent. Air oxidation experi-
ments reveal an initial (pre-breakaway) parabolic trend,
followed by a transition to post-breakaway linear kinetics
once further oxidation fails to increase the protectiveness of
the oxide layer. The transition from one state to the otheris
often accompanied by accelerated oxidation.

The transition to breakaway kinetics is represented explic-
itly in a new model [3] developed recently at PSI. A central
feature of the modelis the introduction of two values for the
oxide thickness: one related to the criterion for the onset of
transition, 8cit, and the other an effective protective thick-
ness corresponding to the fully-established, post-breakaway
state, 8* (typically somewhat less than dcrir). A timescale, 6,
for the transition is also defined, to reflect the observed
behaviour. The values of d.t, * and 6 are determined em-
pirically from experimental data. The model is shown sche-
matically in Fig. 3.

The model is conceptually simple, but does take into account
a number of additional features not used hitherto. First,
transition is observed experimentally to depend on tem-
perature, and the values must reflect this dependence,
particularly during a thermal transient. Second, air ingress
is typically preceded by a period of oxidation in steam, so a
protective oxide layer may already exist. In fact, there may
be a mixture of steam and air (or steam and nitrogen, if the
oxygen is fully consumed). Finally, oxidation by steam occurs
onlyinthe absence of oxygen, while steam-nitrogen mixtures
exhibit similar kinetics to air. The model includes features to
capture all these characteristics.

-

Accelerated lingar
kinetics 8" < 8 crit

Oxide thickness

Transition

phase
Lingar kinetics
& = Berit
Bt fot  ew®EEET TN
& i
Pre-breakaway i
parabolic | Onset of breakaway Complete breakaway
& kinetics ; attime tbr ; attime tbr+@
Time

Figure 3: Schematic of the air oxidation breakaway model.
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Figure 4: Comparison with KIT data on oxidation in oxygen and
air at 800°C.

Assessment of the model has been undertaken by comparing
model predictions against separate-effects data from ex-
periments performed at KIT. Comparisons for four tests are
shown in Fig. 4: for air alone, for oxygen alone, and for air
following two different periods of pre-oxidation in oxygen.
The results show similar post-transition kinetics (after a
rather long pre-transition phase), despite only short periods
of pre-oxidation in oxygen. It appears that even a shallow
layer of (protective) oxide has a significant delaying effect
on the breakaway.

The validation effort will continue with assessments against
independent separate-effects data from other sources, such
as MOZART, and against integral transient tests, such as
QUENCH-10 and OECD SFP [4]. Integral simulations will be
performed with the full MELCOR code to give confidence in
the application of the model to reactor and SFP transients.
Implementation of the model into MELCOR is in progress.
The separate-effects tests also show the oxidation kinetics
to depend on cladding type. Aworthwhile development would
be to extend the model to Zirlo™ and M5® cladding, which
are identified for new build.
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4 The procedure towards the
establishment of thermo-
dynamic sorption data bases
for performance assessment.

The mission of the Laboratory for Waste Management (LES) is to carry out a comprehensive
research and development (R&D) programme in support of Swiss radioactive waste dis-
posal options. The Federal Government is responsible for radioactive wastes arising from
medicine, industry and research in Switzerland, and on its behalf LES carries out a R&D
programme in collaboration with the National Cooperative for the Disposal of Radioactive
Waste (Nagra), the organization charged with the disposal of all Swiss radioactive waste.
LES serves the national needs, present and future, in the safe disposal of radioactive waste
in the fields of geochemistry and the transport mechanisms of radionuclides, including
geochemical retardation and immobilisation.

LES makes use of some of the unique infrastructure within Switzerland available at PSI,
in particular the A-Laboratory radioactive facilities, (micro-) X-Ray Adsorption and Fluo-
rescence Spectroscopy (XAS, XFS) beam lines at the Swiss Light Source (SLS) and the
Spallation Neutron Source. Research activities within LES are performed on very different
spatial and temporal scales, to take advantage of all the information which can be obtained
from the different facilities: i.e. from the nano-scale (molecular modelling) to the micro-
scale (XAS), on to the cm scale (laboratory), and up to the field and regional scales (Mont
Terri Rock Laboratory at St Ursanne, Switzerland).

A key pointin the strategy of LES is that the Laboratory continues, and wherever possible
and appropriate, intensifies its integration within the scientific and waste management
communities through cooperations and joint projects, including participation in EU-
Framework programmes. Also, an important aim of LES is to contribute to “educating the
next generation” in the area of waste disposal, and our connections to universities enable
us to provide PhD and Post-Doctoral positions within the Laboratory.

In 2008, the Federal Office of Energy (BFE) released approved guidelines for the site selec-
tion of radioactive waste repositories sited within Switzerland, as defined in a Sectoral
Plan (Sachplan Geologische Tiefenlagerung). Participation in the safety analyses carried
out by Nagra during the site selection process for SMA and HAA repositories, and the
preparation of licensing applications (2014/2016), will be a central function of LES in the
coming years.
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X-ray micro-diffraction on 100000 year old
natural cementitious materials

Dmitry Popov, Rainer Dahn, Erich Wieland, Laboratory for Waste Management, PSl;

Daniel Grolimund, Laboratory for Energy and Environment, PSI;
Philip Pattison, EPFL Lausanne and ESRF/SNBL, France;

Urs Mdder, University of Berne

A key matrix for the safe disposal of radioactive waste is cement, which is used both to solidify the waste and

to construct an engineered barrier system in deep, geological repositories. Investigations on natural analogue

samples afford a unique opportunity to extend present knowledge of the long-term behaviour of a cementitious

near-field (which is mainly based on laboratory and field studies carried out over a few years at most) to geo-
logical time-scales of more than 100000 years. Recent improvements in X-ray optics and detectors make micro-
diffraction a powerful tool for the investigation of such highly heterogeneous systems.

Cement-based materials play an important role in the multi-
barrier concepts being developed worldwide for the safe
disposal of radioactive waste. For example, ~95 wt% of the
near field of the planned Swiss disposal cavern for low- and
intermediate-level waste is comprised of cementitious ma-
terials. In a deep geological repository, very strong chemical
gradients control mineral alterations at the interfaces be-
tween the cementitious near-field (pH>12.5) and the sur-
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Figure 1: Optical image of a more than 100000 year old alteration
zone formed between a natural cement and limestone, a
sedimentary rock. The inset shows a scanning-electron-micro-
scope (SEM) image of the interface, illustrating the length-scale
and morphology of the different mineral phases analysed by
X-ray micro-diffraction (micro-XRD).

rounding claystone formations (pH~7-8), due to the large
differences in the respective chemical conditions. The inter-
action of the hyper-alkaline pore water of the cementitious
near-field with the surrounding host rock changes the phys-
ical and geochemical properties at the interface between
them. Unfortunately, experimental data relating to the chem-
ical reactions taking place, and the minerals formed in the
alteration zone, are almost completely lacking.

Laboratory experiments have been successful in following
diffusion-controlled alteration zones, but the identity of the
secondary minerals formed could be established to a limited
extent only [1]. Complementary to the data from short-term
laboratory and long-term field experiments, information can
be gained on the nature of the alteration products at the
interface between the cement and the surrounding rock from
natural analogues that have developed naturally over time
periods relevant to geological disposal.

The most important natural hyper-alkaline system was dis-
covered at Magqarin (in Jordan), and has been studied for
more than a decade [2,3]. In this case, the combination of
the high-temperature and ambient-pressure conditions have
led to the formation of clinker, and, following subsequent
re-hydration, to the formation of cementitious phases. The
use of U-Th disequilibrium series dating suggests the age of
the cement mineralisation to be about 100000 years. Con-
tinuous leaching along fracture-bound groundwater flow
paths has formed cementitious in-fills, as well as interfaces
to the adjacent clay-bearing limestone (Fig. 1).

Theinset to Fig. 1shows the SEM image of an alteration zone,
of thickness about 30-50 pm. The aim of this study was to
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determine the mineral composition and spatial heterogene-
ity of compact samples (thin sections) prepared from the
cement/limestone interface. Micro-XRD was applied, because
it is capable of providing basic structural information from
selected micron-sized and submicron-sized crystals within
complex matrices.

Micro-XRD investigations

Initial XRD characterisations were carried out using an unfo-
cused beam (collimated down to 200x100 um?) at the CRISTAL

Figure 2: Comparison of XRD data for ettringite (Spot No. 1in
Fig. 1) collected with beam sizes of 200 x 100 pm? (top) and
10x10 pm? (bottom).
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Figure 3: Characterisation of a C-S-H area of the alteration zone:
(a) SEM image; (b) micro-diffraction pattern; and (c) one-dimen-
sional diffraction diagram of 11 A tobermorite. Diffraction lines
shown in red were predicted from the structure.

beamline at SOLEIL, in France. The XRD images collected
exhibit only a few, very weak diffraction lines (Fig. 2, top).
This can be attributed to the presence of large amounts of
amorphous components in the sample. A search in the PDF-
2 database revealed that the diffraction lines observed
matched the (100), (004), (008) and (0012) reflections of
ettringite:

(CasAl2(S04)3(0H)+2 - 26H,0).

Micro-XRD techniques were applied to improve the resolution
of the XRD data, with the aim of performing a single-crystal
refinement. The microXAS beamline at SLS delivers an intense
X-ray beam with a spatial resolution down to 1x1 pm?2. The
availability of state-of-the-art XRD detectors (such as PILATUS)
made the use of the beamline crucial for this study. In contrast
to measurements with the unfocused beam, micro-XRD pat-
terns collected using the micro-beam exhibited strong dif-
fraction spots of ettringite (Fig. 2) consistent with the hex-
agonal translation lattice (a=b=11.23 A, c=21.48 A).

SEM investigations of the interface between the limestone
and the cement further showed small (~1 um), platelet-like
structures, consisting mainly of Ca, Si, Al, O (Fig. 3). The
secondary phases formed at the interface (Spot No. 2 in Fig.
1) have been identified as 11 A tobermorite, a crystalline
calcium-silicate-hydrate (C-S-H) mineral (space group 12 mm,
a=5.58 A, b=3.69 A, c=22.85 A).

Previous studies on 11 A tobermorite, which were performed
on larger crystals, showed that the mineral exhibits significant
ordering-disordering (OD) features [4]. Application of the OD
approach to the micro-XRD data from micron-sized crystals
revealed a strong stacking disorder of the 11 A tobermorite.
To the best of the authors’ knowledge, this was the first in-
situ study on naturally-formed, micron-sized tobermorite
crystals, and was only feasible due to the use of a high-
brilliance, highly-focused X-ray source, such as that available
at the microXAS beamline of SLS.
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New solid solution models of C-S-H consistent with
structural and spectroscopic information

Dmitrii A. Kulik
Laboratory for Waste Management, PSI

Simple aqueous-solid-solution (Ag-SS) models of C-S-H (Calcium Silicate Hydrate) are being used in studies of
cement hydration and waste/cement interactions, though without a clear mechanistic basis. A newly developed

sublattice SS approach is consistent with both the defect-tobermorite structure of C-S-H and the 2°Si NMR
(Nuclear Magnetic Resonance) data. Effects of structural ordering are accounted for in a ternary CSH3T model,
reproducing both solubility and polymerisation of the tobermorite-like C-S-H. Numerous solubility data sets

can be fitted with the semi-empirical CSHQ model, and both SS models can be further extended by introducing

other cationic species on the sublattice sites.

Knowledge of C-S-H phases is crucial in studying the hydra-
tion, strength and long-term behaviour of concrete, and for
understanding the retention of (radio)toxic cations in a ce-
mentitious waste matrix. C-S-H has variable composition
(0.7<C/S<1.7, where C/S is the molar Ca/Si ratio) and water
content (C/S +x). Upon de-/re-calcification, carbonation and
dilution, crypto-crystalline gel-like C-S-H dissolves rapidly,
and then re-precipitates with different compositions. For the
thermodynamic modelling of such systems, C-S-H Solid Solu-
tion (SS) models are needed.

The ideal, two-binary SS model of C-S-H [1] has been widely
used, improved [2], and included into the Cemdata’07 data-
base [3] for the GEMS-PSI package [4]. This SS model repro-
duces measured [Ca]aqgand pH values in the whole C/Srange,
and can be semi-empirically extended for the minor cations
(Zn, Sr, Na, ...). The main shortcomings of simple SS models
of C-S-H are: over-prediction of [Si]aq at C/S>0.9 (seen on
[Ca]aq—[Silaq diagrams); the absence of the structural back-
ground of end-member stoichiometries; and the lack of evi-
dence forthe existence of a solid solution between silica- and
tobermorite-like end-members.

Recently, the structures of C-S-H mineral analogues (1.4 nm
tobermorite and jennite) have been determined; 2°Si NMR
data have been obtained for C-S-H samples of known C/S
and solubility [5]; the defect-tobermorite model of C-S-H
has been further corroborated [6]; the non-existence of C-
S-H SS at C/S<0.6, and the structural ordering in C-S-H at
C/S>1.0, have both been proven [5]. A corresponding im-
provement in the C-S-H SS models is now required to make
them more consistent with the structural and spectro-
scopic information.

Figure 1: Fragment of the defect-tobermorite structure of C-S-H
with sublattice sites (see text for explanations).

Sublattice models for C-S-H

In the defect-tobermorite model, the C-S-H structure is ob-
tained from that of tobermorite by removing some bridging
tetrahedra (BT in Fig. 1) from the silicate ‘dreierketten’ chains.
A vacant BT site consists of two Si-O- bonds that can attract
cations (H*, Ca?*, Na*, ...) surrounded by H,0 molecules in
the interlayer. The excess Ca can be incorporated as an ad-
ditional octahedral Ca(OH); sheet, or as fragments of jennite
structure [3,4]. The concentration of BT defects can be esti-
mated from 2°Si NMR spectra as the mean silicate chain length
CL, where 2<CL< oo.

Structure-composition relationships in C-S-H may be ex-
pressed in Richardson’s formula [6], re-written in the present
context (per dreierkette) as:
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[Ca(OH)2)wsy-2)/2- [(CaSi035)2+ (Si02)14] - (Hu- Caruy2) - mH,0.
Here, v is the fraction of vacant BTs (O<v<1); u is the degree
of Si-O~ groups protonation (0<u<2); y is the number of Ca?*
ions in the interlayer, or present as extra Ca(OH), for O<y<2;
and m is the number of interlayer H,0 molecules (m <5).
Defining sublattice as the set of all structurally equivalent
sites, the above formula is converted into a template
[CU°Y,:[TUT2:[BTO]1:[IC*]2:[IW°]s, in which sublattices are sep-
arated by colons. Here, [TU], stands for a main dimeric to-
bermorite unit Ca,Si,072 in which no substitutions occur;
CU® can be Ca(0OH), oravacancy Vcy; BTC is either SiO, in the
BT site, oravacancy Ver; IC* is an interlayer cation H* or Y/2Ca?*;
and IW° is an interlayer H,0 or a vacancy Viw. A one-by-one
substitution of species orvacancies into the sublattice tem-
plate will generate 16 end-members.

To make the SS model tractable, the number of interlayer H,0
molecules was fixed at 4 (representing full occupancy at
water saturation), thereby reducing the number of end-
members to 8. In a further simplification, the observations
[5] of quasi-reversible relations between C-S-H solubility, C/S
ratio and CL (which in general depend on C-S-H maturity and
preparation method) were used. Since CL decreases as C/S
increases, the substitutions in BT and IC sites can be coupled
by merging them into a BTl sublattice [CU®],:[TU]5:[BTI*]5:[IW°]4,
where BTI* is SigsOH* or HOg5Caos*. This yields an SS model
with 4 end-members connected by the reciprocal reaction:
JenH + TobD = TobH + JenD.

A semi-empirical way of further improving the model was to
downscale end-members by a factor of 3, leading to an
ideal CSHQ SS model (Table 1). Although this is less consis-
tent with the C-S-H structure, it reproduces well various solu-
bility data sets (Fig. 2), as well as the measured CL, H,0
content and C-S-H density.

Another way of improving the sublattice model is to use the
evidence [7] of interlayer ordering in tobermorite-like C-S-H
with 0.9<C/S<1.25. In doing this, the CU sites were setvacant,
and the BTl site was split into two sites ([BTI1*]4:[BTI2*]s:[TU-
12:[IW°],) with substitutions of Sip sOH* by HOo sCao 5*, yielding
a CSH3T SS model with end-members TobH (C,SsHs), T5C
(C25S25Hs), T2C (C5S,Hs), connected by an ordering reaction
14TobH + 12T2C = T5C.

The model has a built-in dependence of CL on composition,
consistent with measured values for tobermorite-like
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Figure 2: Performance of the CSHQ model in [Ca]aq-[Silaq Space vs
reported C-S-H solubility data.
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JenD C3pS23H24 | -2169.56 2.3 1.7

C=Ca0; S=Si0y; H=H,0; G°9s is molar free energy at 25 C.

Table 1: The down-scaled CSHQ simple ideal model.

Figure 3: Performance of the CSH3T model vs C/S ratio against
reported C-S-H solubility data.

C-S-H [5]. With G°y9s(TobH)=-5121.92, G°95(T2C)-4931.88,
G°95(T50)=-5036.18 (in kJ/mol), the CSH3T model fits the
C-S-H solubility data remarkably well (Fig. 3), and can be
further extended for minor cations by substituting them on
sublattice sites in appropriate structural environments.
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Effects of geochemistry and transport on the evolu-
tion of interfaces in a cementitious waste repository

Georg Kosakowski, Urs Berner
Laboratory for Waste Management, PSI

Understanding the geochemical interactions between the various natural and engineered barriers in a nuclear

waste repository is essential for assessing the long-term safety of the facility. In this article, the interfaces

between argillaceous and cementitious materials are discussed in the light of recently developed, state-of-

the-art geochemical models, combined with advanced transport codes. These particular systems are of special

interest, since numerical simulations all indicate a tendency towards system clogging, which could lead to

self-sealing of the repository with time.

In Switzerland, deep geological disposalin clay-rich rocks is
foreseen for not only the high-level radioactive waste, but
also for intermediate-level and low-level waste. Typically,
intermediate- and low-level waste repositories contain large
guantities of cementitious materials, which are used for
waste conditioning, confinement, and as backfill for the
emplacement caverns. The interaction of this kind of re-
pository construction with the surrounding clay rock and
other clay materials, such as sand/bentonite mixtures, which
are potential materials for backfilling the access tunnels,
needs to be thoroughly investigated.

The interaction between clay and cementitious materials is
of special interest, because they are very different materials
from a geochemical point of view. In the long term, the inter-
action between these materials can lead to degradation of
the cement, and to the development of zones of ‘altered’ clay
rock. Such alterations may affect the functionality of the
repository’s engineered and natural barriers (Fig. 1).

With the help of a numerical reactive transport model, the
evolution of cement/clay interfaces for different geochemical
and transport conditions may be compared. The calculations
are an aid to defining a geochemical base dataset of the
unaltered and altered materials used in performance assess-
ment calculations in exploring the spatial and temporal scales
of the alterations, and for alternative repository design op-
tions to be compared.

The multi-component reactive transport code OpenGeoSys-
GEMS, developed at PSl in collaboration with the Helmholtz
Centre for Environmental Research (UFZ) in Leipzig, has been
used to stimulate the transport of chemical components
under isothermal conditions. Embodied in the code is a se-
quential, non-iterative approach for coupling the transport

é oo
Cementitious Backfill @“LO gandf
entonite
) .
?_ 1 o
©
Opalinus Clay

Figure 1: Processes in a cementitious waste repository resulting
from hydrochemical interactions: (1) reaction of cement pore
water with clay; (2) reaction of clay pore water with cement; (3)
interaction of waste with cement pore water; and (4) oxidation
reactions in the partially saturated rock zone during construc-
tion and operation.

code OpenGeoSys [1] with the PSI geochemical Gibbs Energy
Minimisation code GEMIPM2K [2]. Details regarding code
development and verification can be found in [3].

Application

Atypical application is the interaction between concrete and
a 20/80wt% bentonite/sand mixture. Both materials are
foreseen for backfilling of emplacement caverns and access
tunnels. For the concrete, the mineral composition and pore
solution of a CEM | 52.5 N HTS hydrated cement [4] were
taken. For this, the most recent CEMDATAO7 thermodynamic
database was used, in conjunction with the Nagra/PSI ther-
modynamic database 01/01, including several ideal solid
solutions for the hydrated cement minerals.
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Figure. 2: Evolution of the volume of mineral phases on both sides of the bentonite/sand-concrete interface.

The bentonite model, representing MX-80 bentonite, was
calibrated using data from [5]. The definition of montmorillo-
nite, the main constituent of bentonite, includes cation ex-
change processes as well as amphotheric =SOH edge sites,
and is based on a newly developed, multi-end-member,
solid-solution model.

Strong chemical gradients are established between concrete
and bentonite/sand if the connecting pore space becomes
saturated with water. These gradients are the driving force
for the diffusion of solutes across the interface boundary, in
both directions. In this scenario, it is assumed that only dis-
solved species diffuse, and that water movement induced
by pressure differences is negligible.

Figure 2 shows the evolution of the volume fraction of the
mineral phases in the first centimeter of material, on both
sides of the interface. On the concrete side, portlandite is
seen to dissolve within a few years, and ettringite to pre-
cipitate, filling the free-pore space. On the clay side, montmo-
rillonite dissolves, while the zeolites precipitate. At later
stages, several precipitating cement minerals fill up the pore
space. This gradual blocking of the pore space slows the
diffusion in this region until the interface is effectively
clogged.

The existence of these mineral alteration zones has been
confirmed experimentally, but the anticipated “full stop’ to
the transport and chemical reactions in real systems remains
an open issue.

Linking the model time-scale to the real time-scale is still
hindered by conceptual shortcomings. Porosity changes
depend on the selected reference volumes for the chemical
calculations, and are therefore dependent on the spatial
discretisation, whereas transport is independent of the
discretisation. Consequently, the non-linear empirical rela-
tionship between porosity and transport parameters also
makes clogging time discretisation dependent.

In summary, current models only allow different scenarios
with similar spatial discretisations to be compared. Trans-
formation to real time-scales calls for calibration experiments.
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Laboratory for
Energy Systems Analysis (LEA)

LEAis aninterdisciplinary Laboratory supporting both NES and the General Energy Depart-
ment (ENE). The Laboratory aims to contribute to effective decision-making on long-term
technology strategies in energy supply and demand, ensuring full integration of all envi-
ronmental, economic and social factors. LEA also develops methodologies, and carries
out the associated risk analyses, within the framework of Human Reliability Assessment
(HRA).

The activities within LEA, in cooperation with its various external partners, cover the fol-
lowing three project areas.

Technology Assessment (GaBE)

The project involves analyses of fossil, nuclear and renewable energy technologies. It is
based on aninterdisciplinary framework, thus enabling comparisons to be made between
current and future options for the electricity, heating and transport sectors.

Energy Economics

Analyses are undertaken of energy systems, and associated technological changes, at the
Swiss, European and global levels, all aimed at improving understanding of available
options for the realisation of more sustainable energy mixes for the future.

Risk and Human Reliability

4 Safety, environmental . o . X .
Main contributions here are to the solution of current and future issues relating to the

impacts and economics of
energy technologies are in handling of human factors in the context of Probabilistic Safety Assessment (PSA).
focus in the work of the
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Climate change mitigation options for the
global energy system

Hal Turton, Laboratory for Energy Systems Analysis, PSI;
Bertrand Magne, International Energy Agency, France;
Socrates Kypreos, Dysenos AG, Switzerland

Current patterns of energy supply and use across the world are contributing to global climate change. The
Energy Economics Group at PSI has analysed scenarios of possible pathways for the future development of the
global energy system that respond to the challenge of reducing greenhouse gas (GHG) emissions. This is made
possible by deploying new methods for identifying important technology options for achieving very low sta-
bilisation targets for atmospheric GHG concentrations, such as carbon capture and storage, renewable energy
(particularly biomass), nuclear energy, and increased efficiency. This effort is supporting the development of
energy policy in Europe.

The world today is confronted by a number of challenges
arising from the supply and use of energy. Among these,
climate change represents a major threat to long-term, sus-
tainable, economic, social and environmental development. Baseline
To forestall the potentially most severe consequences of
climate change, policy-makers in Europe and elsewhere have

setthe goal of avoiding a greaterthan 2°Cincrease in average

global temperature above pre-industrial levels. The realisa-
tion of such a target is likely to entail technological change -
and the application of new technology options in the energy o =
sector to substantially reduce GHG emissions. However, 550 ppm
questions remain as to whether existing and prospective
energy technologies are sufficient to achieve such a stringent iy e
target, and which technology options are the most suitable.

Approach and methodology
450 ppm

Analyses undertaken at PSI have sought to address these

questions by exploring scenarios that achieve stringent at-

mospheric GHG concentration targets (specifically 550, 450
and 400 parts per million (ppm) carbon-dioxide-equivalent) 100 1010 00 o D 0 0 om0 o e W
over the 215t Century. These scenarios present ‘what-if’ de-
scriptions of the future, and help to identify trends, robust
technology strategies, interactions across the energy system, 400 ppm

and unforeseen challenges. Such scenarios are not predic-

tions, but rather possible and relevant future outcomes,

based on a set of clearly understood assumptions. — -
000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

To quantify and analyse these scenarios, a global, energy-

economic integrated assessment model has been applied.  Figure 1: Electricity output in mitigation scenarios.
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This model — MERGE-ETL — represents the energy sectorand
economy of nine regions, covering all the countries of the
world. MERGE-ETL estimates energy demand, and selects
technologies that are cost-effective in the long-term, to
maximise global economic utilisation. The modelincludes a
range of technology options for energy supply and conversion,
covering fossil-fuel power plants (both conventional and
more advanced technologies), renewables and nuclear en-
ergy. PSI has implemented into this model technology re-
search and development (R&D) and/or experience. Further,
a more detailed representation of the nuclear fuel cycle has
also been included, to account for the constraints inherent
to the management of fissile material stocks, and the recy-
cling of nuclear materials.

Selected results and conclusions

Four global scenarios for the mitigation of climate change
are presented in Fig. 1. Each scenario considers a different
target for atmospheric concentration of GHGs, ranging from
‘baseline’, in which there is no target, to the very stringent
400 ppm, and shows the utility-maximising set of technolo-
gies for global energy generation for each. It can be seen that
responding to increasingly stringent climate change targets
brings a number of technological advancements. These in-
clude the adoption of carbon-free power plants, as well as
reductions in energy demand, mainly from improvements in
efficiency. Under a 550 ppm target, clean coal (Integrated
Gasification Combined Cycle, 1GCC), nuclear power (Light
Water Reactors, LWRs), wind farms and biomass play impor-
tant roles in the mid-term, while clean coal (with Carbon
Capture and Storage, CCS) and renewables represent long-
term options. Nuclear (LWRs), biomass and CCS face geo-
logical resource and land availability constraints.

Under the 450 ppm and 400 ppm targets, clean coal tech-
nologies become significantly less competitive, due to the
stringency of the target. This is true even for CCS, since not
all emissions can be captured. In contrast, natural gas (NGCC)
is more attractive early in the century, and maintains this
position later with the adoption of CCS.

Overall, the results in Fig. 1 show that major technological
change is needed to realise very stringent mitigation targets,
and that new technologies are likely to play a significant role.
Many such technologies are still rather immature, but are
expected to become more competitive with increasing expe-
rience and further R&D. In all scenarios, technology-learning
plays an important role in bringing down the cost of new
technologies (especially renewables and CCS), substan-
tially reducing the economic costs of achieving the climate
change targets.

2100
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90% - 1 -0.5% Other Renewables
9 80% - 1 -1.0% Biomass CCS
; 70% 4 15% e Nuclear
§  60% 1 1 o0%s — Fossil CCS
o 50% =3 - "
£ 20% - 1 -25%8 Fossil w/o CCS
] ° o N
I —— o
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S 20% 1 -35%
10% - 1 -4.0%
0% - -4.5%
400ppm 400 ppm 400ppm
Nuclear Phase- FBR
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Figure 2: Electricity generation shares for alternative nuclear
scenarios and associated losses in GDP.

Further analysis of future options has also been carried out,
focusing on the technologies identified above to assess some
of the uncertainties, such as the availability of CCS, nuclear
power or biomass, or the rate of development of renewable
technologies, such as solar.

Figure 2 shows the electricity generation mixin the year 2100
under the stringent climate target of 400 ppm across three
scenarios of nuclear availability. These are: total nuclear
phase-out; continuing use of LWR technology; and the intro-
duction of advanced reactors, including Fast Breeder Reactors
(FBRs). The Figure also indicates the economic result in
achieving this level of climate mitigation in terms of loss of
Gross Domestic Product (GDP). The results suggest that
targets can be achieved with a phase-out of nuclear power,
but at high economic cost. On the other hand, the availabil-
ity of advanced FBRs lowers the economic cost, reduces the
use of fossil fuel, and avoids the need to use expensive CCS
options.

In summary, it appears that stringent mitigation targets can
be met under a variety of technology scenarios, but major
technological change is needed. Important technology op-
tions include carbon capture, renewables (particularly bio-
mass), nuclear energy and improved efficiency.
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Advancements in the Sustainability Assessment

of Energy Systems

Stefan Hirschberg, Warren Schenler, Peter Burgherr, Christian Bauer, Laboratory for Energy Systems Analysis, PSI;

Marek Makowski, International Institute for Applied Systems Analysis (IIASA), Austria

The present article summarises progress made in indicator-based sustainability assessment of energy tech-

nologies. Achievements include: establishing a comprehensive set of technology-specific indicators of a high

level of acceptability to the engaged stakeholders; quantification of all indicators for four countries; develop-

ment and web-based implementation of new Multi-Criteria Decision Analysis (MCDA) methods; and application

of MCDA by a variety of stakeholders to demonstrate the merits of the process, the strengths and weaknesses

of the technologies, and the unavoidable impact of stakeholder preferences.

The recently finalised EU Project NEEDS (New Energy External-
ity Developments for Sustainability) generated a wide range of
results within such areas as Life Cycle Assessment (LCA), as-
sessment of external costs and scenario modelling. The re-
search stream Technology Roadmap and Stakeholder Perspec-
tives was aimed at broadening the basis for decision support
by examining the robustness of the results under various
stakeholder perspectives. This objective was realised by com-
bining knowledge expressed in terms of technology attributes
with stakeholder preferences. The use of Multi-Criteria Decision
Analysis (MCDA) has enabled explicit and integrative consid-
eration to be given to a wide spectrum of technology-specific,
environmental, economic and social characteristics.

Analytical approach

The development and implementation of the MCDA approach
included: (a) developing a structured set of sustainability
criteria, and surveying stakeholders on theirappropriateness
and acceptance; (b) integrating environmental, economic and
social indicator results from this and other research streams
into a technology database for use in the MCDA process; (c)
developing a range of new MCDA tools for ranking the NEEDS
technologies and selecting the most suitable; (€) implement-
ing an interactive, web-based interface for collecting stake-
holder criteria preferences; and (f) collecting the individual
userinputs, ranking the technologies, identifying patterns by
means of sensitivity mapping, and comparing MCDA results
with total (internal plus external) costs. It is worth noting that
the social aspects associated with energy systems are to a
limited extent reflected in the external cost estimates.

Sustainability criteria and indicators

PSI, with support from its partners within the project, has
established a full set of technology-specific evaluation cri-
teria and indicators covering the environmental, economic
and social dimensions of sustainability [1], building par-
tially on the results of a literature survey and quantitative
sustainability assessments from earlier projects. Social cri-
teria and indicators were established in a pioneering work
by University of Stuttgart within this project.
The overall set enables the essential characteristics of the
different technologies to be identified, and differentiates
between them. In general, the proposed criteria and indica-
tors have found wide acceptance among stakeholders, both
in terms of content and in its hierarchical structure. In total,
there are 36 associated indicators. Of these:

— 11 are environmental, covering energy and mineral re-
sources, climate change, ecosystem impacts from normal
operation and severe accidents, and special chemical and
medium-to-high level radioactive waste;

— 9 are economic, including impacts on customers (i.e. the
price of electricity), on overall economy (employment and
autonomy of electricity supply), and on the utility aspects
(financial risk and operational issues);

— 16 are social, addressing security/reliability of energy
provision, political stability and legitimacy, social and
individual risk, both expert-based (normal operation and
accidents) and perceived, terrorist threat, and quality of
residential environment (landscape, noise).

These indicators were first quantified and then combined to

form a unique database for each of the 26 future technologies

analysed (for the year 2050) for the four countries: France,
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Germany, Italy and Switzerland. Comparisons between the
various indicators illustrate the differences in the profiles,
and thus the strengths and weaknesses of the various tech-
nological options and associated fuel cycles. While improve-
ments are envisaged for all the technologies considered, the
most notable is the future economic performance of renew-
ables, in particular solar.

Results of the assessment and conclusions

Using MCDA, the technology-specific set of sustainability
indicators is combined with stakeholder preferences. This
approach enables a ranking of technologies based on distinct
stakeholder profiles to be established, and to explore the
associated sensitivities. [IASA has developed a number of
new MCDA methods satisfying the requirements of the NEEDS
project, while IIASA and PSI together have implemented a
web-based tool for the method deemed to be most suitable.
This has enabled stakeholders to specify their preference
profiles, iterate between them, and obtain a ranking for future
technologies. An overview of the results, based on all stake-
holder responses, is shown in Fig. 1along with the total costs
[2].

Within the external cost estimation framework applied in
NEEDS, nuclear energy exhibits the lowest total cost (i.e. is
ranked first), but its ranking in the MCDA framework tends
to be lower, mainly as a result of considerations given to a
variety of social aspects not reflected directly in the external
costs. Thus, in MCDA, nuclear energy ranks lower than re-
newables, which themselves benefit from their much im-

proved economic performance. Generally, coal technologies
have lower total costs than natural gas. However, in the
MCDA framework, coal performs worse than the centralised
natural gas options, which, being in the midfield, are ranked
similar to nuclear. The performance of Carbon Capture and
Storage (CCS) is mixed.

The individual preference profiles have a decisive influence
on the MCDA ranking of technologies. Given equal weighting
of the environmental, economic and social dimensions, the
emphasis on protection of the climate and ecosystems,
minimisation of objective risks and affordability for custom-
ers, the nuclear options are top ranked. In contrast, focusing
on radioactive waste, land contamination due to (hypo-
thetical) accidents, risk aversion and perception issues,
terrorist threat and conflict potential, the ranking changes
to the disadvantage of nuclear. This aspect endorses the
need for furthertechnological development aimed at mitigat-
ing the negative impact of these areas.

The ranking of fossil technologies strongly depends on the
emphasis placed on environmental performance, which in
relative terms remains weak, and more pronounced for coal
than for gas. Overall, the renewables perform very well in
terms of stability and relatively low sensitivity to changes in
preference profiles, due to theirmuch improved economics.
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International benchmark of HRA methods based
on data from a simulator study

Vinh N. Dang, Luca Podofillini,
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In Probabilistic Safefy Assessment (PSA), the safety of nuclear power plants is analysed by modelling the ways

in which accidents may occur. Estimating accident scenario probabilities provides insights into many important

weaknesses, and their potential fixes. In a PSA, potential human failure events and their probabilities are es-

timated by means of Human Reliability Analysis (HRA). A major international effort is underway to assess HRA

methods by comparing their predictions against actual crew performance data from simulated emergency

scenarios. Such data-driven evaluations yield valuable evidence in regard to the qualitative and quantitative

accuracy of the methods.

Assessing the safety of nuclear power plants, or other com-
plex systems, involves developing an understanding not
only of what accidents could occur but also of how likely
these accidents may be. Probabilities allow decision-makers
responsible for safety to understand the relative importance
of the various accident scenarios, and to identify the con-
tributing causes and failure events that should be prioritised
in efforts to ensure safety or reduce risk. In the PSA frame-
work, HRA deals with the Human-related Failure Events (HFEs)
that may contribute to these scenarios.

A number of diverse HRA methods are currently available.
These methods reflect traditional concerns in PSA scenarios,
such as human/machine interfaces, operational procedures,
and the adequacy of the time allotted for operator action. In
addition, many of the methods have also been developed to
address errors of commission, and errors in decision-making.
Given the differences in the scope of the methods, their
underlying models and variability of the predictions, and in
the light of the importance of human actions towards safety,
there is considerable interest in assessing the various HRA
methods [1].

PSlI performs a leading role in the International HRA Empirical
Study, a major effort coordinated by the OECD Halden Reactor
Project, with additional support from the U.S. Nuclear Regula-
tory Commission, the Electric Power Research Institute, and
the Swiss Federal Nuclear Safety Inspectorate. The Halden
Project signatory organisations composed the HRA analysis
teams, whose predictions form the basis of HRA method as-
sessment. An essential feature of the Empirical Study is its
focus on comparisons of predictions to reference data from a
dedicated simulator study as the basis for method assessment.

Predictions versus observed performance

Thirteen HRA teams analysed 13 HFEs, defined for 4 nuclear
power plantaccident scenarios. The scenarios were a Steam
Generator Tube Rupture (SGTR) and Loss of Feedwater (LOFW)
in a Pressurised Water Reactor, each including a base case,
as well as a more complex variant. Each team used one of
the 13 HRA methods to be assessed in the study (without
knowledge of the simulator results). In a within-subject ex-
perimental design with randomised ordering, 14 licensed
operator crews responded to 4 emergency scenarios using
Halden’s Hammlab simulator facility. The crews’ performance
in the 48 scenario runs provided 14 observations of the
majority of the HFEs, and 7-10 observations of 5 more. (One
HFE could not be observed, because it was defined as con-
ditional on the failure of a preceding HFE, which did not
occur.)

In spite of the large number of operating crews and scenar-
iosinvolved, the statistical limitations of the data had already
been recognised at the outset of the work. The statistically
small sample size precludes the option to concentrate
solely on the failure counts and the resulting reference failure
probabilities, since these can have very large uncertainties
(as seen in Fig. 1). In many ways, the limitations are to be
expected in HRA, because human performance is known to
be situation-specific, making it difficult to aggregate data
across different scenarios and situations [2].

Separate from the statistical limitations, it is important to
PSA that the HFE failure probabilities predicted in the HRA
are underpinned by the identification of the key performance
factors and issues contributing to HFEs. As a result, the
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Figure 1: Bounds for the reference HFE probabilities (HEPs)
obtained from the SGTR scenario data.

methodology for data analysis, and the criteria for method
assessment, prioritised the qualitative predictions, giving
quantitative performance a significant, but secondary, role
among the method assessment criteria. A core component
of the simulator study data analysis performed to obtain the
reference data is the detailed analysis of the response of the
crew in determining the factors that influenced their response
and performance. The HRA predictions of the factors driving
performance, and of how the scenario or human failure event
would unfold, have been compared against these qualitative
data. However, the quantitative data are also relevant: (1)
because the predictions for the more difficult HFEs, where
the evidence is stronger, are considered more important; and
(2) in identifying the predictions that could be considered
outliers (i.e. those outside the boxes, or confidence bounds,
in Fig. 2) for the detailed examinations of the contributors
not captured by the HRA analyses [2].

The thorough, detailed, qualitative analysis of the simulator
data in the Empirical Study produced data supporting the
robust findings of what was good and what was poorin regard
to the HRA predictions of these HFEs, and provided a firm

Predicted HEPs vs. Empirical Bounds
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Figure 2: Overall predictions for SGTR scenarios.

basis for the broad insights gained into the HRA methods
considered in the study so far. For instance, the empirical
evaluations show that the cognitive aspects of following
procedures and executing tasks (as opposed to situation-
assessment or decision-making) have not been addressed,
or not adequately addressed, in some of the methods in
common use [3]. In this way, the Empirical Study provides
valuable information for HRA method selection, and high-
lights specific shortcomings in the methods, thus enabling
them to be improved. In addition, the study has contributed
valuable evidence to the specific impacts of situational fac-
tors on performance in concrete scenarios, and the associ-
ated mechanisms through which they influence performance.
These outcomes have led to follow-up work to improve HRA
methods, and have motivated further efforts to collect HRA
data in simulator studies.
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4 Evolution of intrusions and

extrusions at the surface of
stainless steel at a very

early stage in fatigue life
during a thermo-mechanical
fatigue experiment under
light water reactor operating
conditions, as revealed by
atomic force microscopy.
These regions act as micro-
crack initiation site later on in
the fatigue life.

LNM addresses material-related, scientific issues with regard to safety, life-time (exten-
sion), performance and sustainability of current and future nuclear reactors.

Currently, LNM focuses on three main project areas.

High Temperature Materials

This activity involves characterisation of materials to be used in the future Generation IV
reactors (particularly Gas Cooled Reactors), which will operate at significantly higher
temperatures, and will be subject to a more intense radiation environment than current
Gen Il reactors. Mechanistic models are being developed for the prediction of material
behaviour, from the atomic level up to the scale of the continuum. Experimental validation
of the models is also undertaken using advanced spectroscopic methods, and, in par-
ticular, synchrotron radiation.

Nuclear Fuels

This project focuses on micro-structural/micro-mechanical examination of the ageing of
core internals (fuel rods, structural materials), and the development of associated theo-
retical models. In particular, investigations of fuel damage, and identification of possible
causes of failure, are being carried out, and methods for the production of Gen IV fuels,
and their associated fuel cycles, are also under consideration.

Component Safety (INTEGER)

This activity involves the experimental characterisation of important ageing mechanisms
(stress-corrosion-cracking, thermal fatigue and irradiation embrittlement) in primary pres-
sure boundary components, the development and validation of advanced, mechanistic
material-ageing models, and the application of probabilistic methods forimproved integ-
rity assessments and life-time predictions. The work also encompasses evaluation of
advanced, non-destructive techniques for the early detection of fatigue and initiation of
stress-corrosion-cracking, and characterisation of the actual degree of embrittlement in
the reactor components.
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From Fe-Cr to steel: atomistic calculations of

binary Fe-Cr alloys

Anne-Christine Uldry, Maria Samaras, Max Victoria and Wolfgang Hoffelner,

Laboratory for Nuclear Materials, PSI

The suitability of Fe-Cr steels in the 2 to 20 at%Cr concentration range as structural materials for the next

generation of nuclear power plants is currently under discussion worldwide. In the context of materials design

through modelling, first-principles atomistic calculations are being performed on the pure Fe-Cr alloy to deter-

mine the preferred configuration of Fe and Cr atoms as a function of the Cr concentration. A tendency for the Cr

atoms to cluster above 12.5 at%Cr has been observed, and is characterised by a short-range-order parameter.

The inclusion of carbon is expected to shed some light on precipitations in realistic steels.

As well as being cheap and abundant, iron (Fe) is also incred-
ibly versatile. For example, its interdependent magnetic,
structural and mechanical properties can be drastically al-
tered by alloying with other elements. Hard steels can be
formed by the inclusion of small amounts of carbon (C), and
corrosion-resistant steels by the further addition of chro-
mium (Cr). Recent years have seen a renewed interest in the
understanding and developing of new Fe-Cr-based steels, in
view of the challenges posed by the requirements for struc-
tural materials for future nuclear power plants (of both the
fission and fusion type). In the future, computer modelling
is expected to play a crucial role in materials design [1], and
in the prediction of the long-term effects of irradiation and
harsh environments on material properties. Computations
using Density Functional Theory (DFT) form the basis of a
multi-scale modelling approach to gain insight at a funda-
mental level into the mechanisms affecting the behaviour of
Fe-based alloys.

Crin Fe: the reluctant solute

While the main features of the phase diagram of pure, non-
irradiated Fe-Cralloy are widely accepted, many of its details
require further evaluation [2]. This is particularly true at the
onset of the Cr-rich phase known to form at low Cr concentra-
tions at the temperatures relevant to nuclear power plant
operation. Magnetic interactions play a major role in the
ability of Cr atoms to form a solid solution with Fe, and ex-
hibit a tendency to cluster, depending on the Cr content [3].
The ground state of pure Fe is ferromagnetic, while that of
pure Cris described by an anti-ferromagnetic, spin-density

wave. The substitution of Fe atoms by Cr atoms therefore
creates situations of magnetic ‘frustration’, and it is to be
expected that the preferred configurations for the Fe and Cr
atoms will be heavily constrained by magnetism at any given
Cr concentration. Configurations of lowest energy can be
identified and studied by means of the super-cell approach
within spin-polarised, total-energy DFT calculations.

Density Functional Theory calculations

Possible ways of treating random alloys have traditionally
included the virtual-crystal and coherent-potential approxi-
mations. These are effective approaches, but ones that are
not suitable if the details of the local environments are ex-
pected to play key roles. An appropriate method in these
circumstances is to construct super-cells: i.e. repeated body-
centred-cubic (BCC) unit cells in all spatial directions. The
total energy of a range of different Cr arrangements is first
calculated, and then used as the discriminating criterion.

‘Fe «Cr

6.3%

9.3%

12.5% 16.7%

Figure 1: Representation of the lowest energy structures found
for6.3, 9.3, 12.5 and 16.7 at%Cr alloys.
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Figure 1 shows the lowest energy structures found using the
projector-augmented wave implementation employed in the
code VASP [4]. A clear tendency of the Cr atoms to cluster is
evident at 16.7 at%Cr. In contrast, at 6.3 at%Cr and 9.3 at%Cr,
the Cratoms tend to be more widely spaced. At 12.5 at%Cr, there
are clearindications of transitional behaviour, with two different
structures having near-degenerate energies after relaxation of
the ionic positions. While no guarantee exists that these struc-
tures correspond to an absolute energy minimum, results are
consistent forthe range of super-cell sizes tested (up to 4x4x4).

Short-range ordering versus clustering

A quantitative means of qualifying the configurations of Crand
Fe atoms at any given concentration is by calculating the so-
called short-range-order parameter for each configuration. For
the binary alloy Fe1Cr,, the parameter can be defined per shell
‘P around a Cratom as o =7 — nge! /[(1-%)n_pos'], in which ng! is
the number of Fe atoms in the [ shell, and n_p' is the total
number of sites in the shell. This purely structural parameter
is particularly important for Fe-Cr alloys, and can be measured
experimentally by diffuse neutron-scattering measurements
[5]: typical results are reproduced in Fig. 2 (full circles).

In this Figure, a negative short-range-order parameter indi-
cates short-range ordering, while a positive value indicates
a tendency to cluster. Superimposed on the experimental
measurements are the calculated values from the lowest
energy structures found using DFT. There is reasonable agree-
ment between model predictions and experimental measure-
ment at the lower end of the atomistic scale. The picture
correlates with the calculation of formation energies at low
Cr concentrations [2], for which negative mixing enthalpies
for Cr concentrations below 6% are predicted.
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Figure 2: Weighted (15t and 2"¢ shell) short-range-order
parameter: full circles are as measured by Mirabeau [5], and
empty circles are calculated for the lowest energy structures.
The line is simply a guide for the eye.

Modelling steel

The ab initio, first-principles calculations outlined above il-
lustrate the dependency of the formation of Cr-rich regions in
the pure Fe-Cr system on concentration. A further step to be
taken is the study of the effect of interstitial carbon impurities
in the system. While complete understanding of the role of
carbon on the mechanical properties of steel, both in normal
environments and underirradiation, necessarily includes phe-
nomena beyond the scope of DFT, static ab initio calculations
can provide insights into the formation of carbon precipitates.
After analysing the large local deformation caused by the
introduction of a single carbon atom in pure Fe, the affinity
of the carbon for Fe or Cr was investigated for small super-
cells of the 12 at%Cr Fe-Cr system (Fig. 3). A first round of
calculations indicates a preference of carbon for Fe rather
than Cr, while nitrogen, another impurity commonly found in
Fe, prefers proximity with the Cr atoms. The results are pre-
liminary, and are part of the ongoing work.

Figure 3: 2x2X2 supercells with 14 Fe, 2 Cr and either 1 Cor 1 N.

Conclusions

First-principles calculations have been utilised to obtain a
quantitative description of Fe impurities, of both the substi-
tutional (Cr) and interstitial (C,N) type, and their impact on,
and preferred configurations in the Fe matrix. These investi-
gations highlight the power of DFT calculations in predicting
material properties, and, in the future, on designing new
materials.
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XAFS analyses of Cu precipitates leading to reactor
pressure vessel steel embrittlement

Goutam Kuri, Sebastiano Cammelli, Claude Degueldre, Johannes Bertsch

Laboratory for Nuclear Materials, PSI

The irradiation of a reactor pressure vessel with a high dose of neutrons leads to embrittlement of the Reactor
Pressure Vessel (RPV) steel, with the potential to limit the lifetime of the reactor. This embrittlement is close-
ly related to the creation of ultra-fine precipitates of low-concentration elements produced as a result of radi-
ation-induced diffusion processes. Copper (Cu) is the most important element in cluster formation, due to its
high initial diffusivity. In this study, we report the use of X-ray Absorption Fine-Structure (XAFS) spectroscopy

to investigate radiation damage and ‘next-neighbour atomic environment’ around Cu in neutron-irradiated RPV

steels.

Irradiation-induced embrittlement of a Reactor Pressure Ves-
sel (RPV) steelis avitalissue for ensuring the continued safe
operation of Nuclear Power Plants (NPPs) around the world,
especially since many are close to their (initially-designated)
operational lifetimes. Earlier studies [1] have revealed that
nano-precipitates of constituent trace elements (e.g. Cu and
Ni), enhanced by long-term neutron irradiation, are the prin-
cipal causes of embrittlement. Hence, it is of considerable
importance to examine the nano-structural changes of Cu-rich
precipitates during long-term operation of commercial NPPs,
and to provide an atomic-scale description of the irradiation
effects on RPV steels.

The basic mechanism of radiation embrittlement of RPV steels
is due to matrix damage. Embrittlement manifests itself as
an increase in the ductile-to-brittle transition temperature,
a parameter normally used as an indicator of the degradation
status of the material. In addition to mechanical testing,
methods based on non-destructive measurement techniques,
such as positron annihilation spectroscopy and atom-probe
topography, can also be used to follow embrittlement [2].
In the present study, using synchrotron light, XAFS spectros-
copy has been applied for the first time at the Cu ‘K-edge’ to
systematically investigate neutron-induced radiation damage
to the metal-site, body-centred cubic (bcc) structure of RPV
steels. The technique is sensitive to the average atomic
environment just a few atoms away from the probe (specific
element), this providing a measure of the ‘short-range-order’
of the system (ca. 1nm). Selected RPV surveillance specimens
from a Swiss NPP and the IAEA reference steel JRQ [3], bom-
barded with neutrons in a test reactor with a fluence range
0f 0.85 - 5.0x10" cm~2, have been used in this study. Thermal
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Figure 1: Normalised and background-removed K-edge absorpti-
on spectra of the IAEA reference RPV steel JRQ in the ‘as-prepa-
red’ state before neutron irradiation. The inset shows the XAFS
signal versus photo-electron wave number k.

annealing has also been carried out for a few selected JRQ
specimens to study the thermal stability of defects developed
by neutron irradiation. These specimens are from two heat-
ings of A533B Class 1 plates containing a very low concentra-
tion (0.14 wt%) of Cu in the Fe matrix.

Atomic environment around Cu in an RPV

Figure 1 shows an example of the measured XAFS spectrum
from a non-irradiated JRQ sample. The data clearly demon-
strate the excellent quality of XAFS for the Cu signals, even
though the concentration is very low.
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Figure 2: k3-weighted Fourier-Transformed XAFS data at the Cu
K-edge measured from three JRQ samples: non-irradiated, and
irradiated before and after annealing.

For a quantitative analysis of these data, a fitting procedure
has been applied [4]. The optimised structural parameters
of the next-neighbour coordination numbers and inter-
atomic distances are derived from the data analysis.

Figure 2 depicts Fourier-Transformed (FT) experimental data
from a JRQ sample, irradiated at a neutron fluence of
5.0x10" cm~2, measured in the as-irradiated state, and after
thermal annealing (at 735 K over 168 hours). The data from
the non-irradiated JRQ reference sample is also included for
comparison. The results illustrate Fourier features which are
characteristic of a bcc Cu-site environment, each peak cor-
responding to the distance to the neighbouring Cu atoms.
From the pristine data, long-range order (i.e. beyond the first
and second shells) is apparent in the spectrum, which fea-
tures several nearest-neighbour peaks. In the irradiated
specimen, all these peaks are greatly reduced in magnitude,
typical of damaged materials. The reduction in the number
of interfering atoms is due to the formation of structural
vacancies resulting from the irradiation. Prolonged annealing
leads to a reduced damage fraction in the sample, indicating
the recombination of vacancy- and interstitial-like defects,
and giving rise to an increase in the coordination numbers
of near-neighbour atomic shells, approaching values close
to those of the non-irradiated material, but not suppressing
the formation of nano-sized, Cu-rich precipitates.

Atomic environment around Fe

In the following, the XAFS results at the Fe K-edge obtained
for the irradiated JRQ samples before and after thermal an-
nealing are compared. The experimental FT data are shown
in Fig. 3. Prolonged annealing after neutron irradiation ap-
pears to have no influence on the Fe first-nearest and second-

Figure 3: Fourier Transforms of the XAFS data at the Fe K-edge
measured from the irradiated specimen in the as-irradiated state
and after thermal annealing at 735 K for 168 hours.

nearest neighbour shells, although a small change can be
observed in the higher-order shells (third to fifth, see Fig. 2)
of the Fe. The Fe environment, reflected in the XAFS data for
the REF sample (not shown here), is very similar to the results
presented in Fig. 3.

The main structural difference between the two samples is
the Debye-Waller factor of the higher-order shells [4]. In fact,
from the data measured at the Fe K-edge, and from the sub-
sequent analyses, no essential structural changes in the first
two neighbour shells are observed between the REF and ir-
radiated JRQ samples. However, this is not the case for the
Cu neighbours, which are indicative of more specific vacan-
cy-type defect environments, in close proximity to the solute
Cu atoms. Computer simulations of the cascade and defect
micro-structure evolution have also predicted similar results:
thatis, the size and fraction of self-interstitial atoms clusters
are larger in Cu than in Fe. On the other hand, the vacancies
in Cu are mostly in the form of clusters, though they do not
clusterin Fe [5].
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Effect of the LWR coolant environment on fatigue,
crack initiation and growth in stainless steels

Hans-Peter Seifert, Stefan Ritter, Hans Leber, Laboratory for Nuclear Materials, PSI

Material fatigue is one of the major concerns associated with ageing in nuclear power plants, and is becoming

increasingly important with extended plant life. Isolated fatigue cracking and leakage incidents in pressurised

components have been reported. Traditionally, fatigue design does not consider the potentially corrosive effects

of the reactor coolant environment, and is based solely on fatigue behaviour in air. However, laboratory tests

have revealed that there are significant environmental effects on fatigue initiation and crack growth, which have

thus raised concerns regarding the adequacy of safety margins in accepted fatigue design and evaluation pro-

cedures. These aspects are currently being addressed at PSI within the ENSI-sponsored KORA project.

In Boiling and Pressurised Water Reactors (BWRs & PWRs),
corrosion-resistant, austenitic stainless steels are widely
used as construction materials for the piping circuits enclos-
ing the primary reactor coolant. This boundary is an engi-
neered barrier for radiation protection, and is critical for plant
safety during its operational lifetime.

Evidence of cracking of such components has been discovered
during BWR & PWR service inspections over the past decades
which could be attributed to stress-corrosion-cracking (5CC)
or low/high-cycle fatigue (LCF/HCF). Fatigue-cracking inci-
dents are rare, and have mainly been related to either HCF,
through flow-induced vibrations from power up-ratings in
BWRs, orto thermal fatigue (HCF/LCF) caused by temperature
stratification, striping and/or turbulent mixing in both BWRs
& PWRs. At least the LCF (or combined LCF/HCF) damage, as
a result of thermal loadings, may have been aggravated by
corrosion effects resulting from coolant attack [1,2].

The original fatigue design was based purely on the fatigue
behaviour of the materials in air, and ignored potential envi-
ronmental effects. However, laboratory tests have now revealed
that there could be significant environmental effects on fatigue
initiation and crack growth, and have thus raised concern
regarding the adequacy of the safety margins associated with
current fatigue design and evaluation procedures.
Clarification of these issues has become important to the
Swiss Nuclear Safety Inspectorate (ENSI), who have spon-
sored a research effort at PSI to address them [1,2]. Within
this activity, the corrosion fatigue behaviour of different
stainless steels has been characterised by means of cyclic-
fatigue tests carried out using pre-cracked/notched-only
fracture mechanics samples in the temperature range 70°C
to 320°C under normal-water-chemistry (NWC) and hydrogen-

100 : . .
L e |
— AISI 347, solution annealed
i PWR
4
z
=]
)
1]
=]
— 10} 1
or.
X
z
°
1 in M
[ R=K"™/K™=05
“ 1 1
AK = K™ - K™ = 10 MPam'®
4 . i , 1s0°C
10°* 10* 107 107 10"
Loading frequency [Hz]

Figure 1: Effect of temperature and loading frequency on the
environmental acceleration of fatigue crack growth in a
solution-annealed, Nb-stabilised stainless steel in a PWR primary
environment.

water-chemistry (HWC) conditions in BWRs, and under pri-
mary-circuit conditions in PWRs.

Results and discussion

Relevant environmental acceleration of fatigue crack growth
(and reduction of fatigue initiation life) has been observed
in all steels at loading frequencies < 0.1 Hz (strain rates
<0.1%/s), and could be sustained down to the lowest inves-
tigated loading frequencies (or strain rates) in all three en-
vironments (Figs. 1,2). Subsequent to initiation, the station-
ary, short-crack growth rates, after crack advances of 50 to
300 pm from the notch-root, were in the typical range of cor-
responding results from tests with long cracks (pre-cracked
specimens), and showed the same system parameter re-
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Figure 2: Effect of strain rate on environmental reduction of
fatigue initiation life, and acceleration of subsequent,
stationary, short-crack growth in a low-carbon stainless steel
in a BWR/HWC environment.

sponse. The effect of environment on the genuine initiation
process (Aa=10 pm) was stronger than on the subsequent
stationary, short-crack growth (Fig. 2).

At low corrosion potentials, under BWR/HWC and PWR condi-
tions, relevant environmental acceleration of fatigue-crack
growth (and environmental reduction of fatigue initiation
life) occurred in all the low-carbon and stabilised stainless
steels investigated forthe combination of loading frequencies
<0.1Hz (strain rates < 0.1%/s), temperatures 2150°C (100°C),
and AKvalues = 3 MPa- m"2 (notch strain amplitudes = 0.3 %),
respectively. If these conjoint threshold conditions were si-
multaneously satisfied, the environmental enhancement
increased with decreasing loading frequency (or strain rate)
and increasing temperature. Generally, material and water
chemistry parameters had only a minor effect, and sensitisa-
tion only affected the corrosion fatigue behaviour under
highly oxidising BWR/NWC conditions (Fig. 3).

The current ASME Boiler & Pressure Vessel Code Section XI
[3] on fatigue-crack growth curves do not include environ-
mental effects, and are not conservative in LWR environments
if the above-mentioned conjoint threshold conditions are
satisfied. A modification of Section XI should therefore be
pursued to include environmental effects in the appropriate
manner.

Similarly, the fatigue design curves in Section Il of the Code
[3] do not represent excess conservatism to cover environ-
mental effects, and are also not conservative for some criti-
cal parameter combinations. The initial studies conducted
at PSI have qualitatively confirmed the NUREG/CR-6909 ap-
proach [4] of the new US NRC Regulatory Guide 1.207 [5],
which defines a procedure to include environmental effects
in Section Il for new plants. Nevertheless, this approach
should be critically evaluated by additional tests under more
realistic and plant-relevant conditions before it is applied to
existing plants.

Figure 3: Effect of sensitisation and corrosion potential

(NWC vs. HWC) on corrosion fatigue-crack growth in

a high-carbon stainless steel in BWR/HWC and NWC environ-
ments.

Summary and conclusions

The possibility of coolant effects on fatigue under BWR and
PWR conditions is undisputed, but there is no general con-
sensus on the practical consequences. The valuable field
experience accumulated for fatigue-designed stainless steel
components does not indicate any generic deficiencies in
current procedures resulting from lack of knowledge of such
effects. This is due to the large overall conservatism embod-
iedin current fatigue-design and evaluation procedures, and
to the fact that for many plant transients one or several of
the above-mentioned conjoint threshold conditions are not
satisfied, resulting in moderate coolant effects only. Further-
more, in the case of fatigue, the very high ductility of auste-
nitic stainless steels results in a rather large critical crack
size, and a noticeable flaw tolerance. Consequently, there is
no incentive to take immediate action. Higher priority should
be given to a modification of Section XI of the ASME Code,
including SCC. In flaw-tolerance evaluations, the contribution
of SCCusually overwhelms that of fatigue under many condi-
tions (e.g. for BWR/NWC or cold-worked stainless steels).
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Hot Laboratory Division (AHL)

The Hot Laboratory (Hot Lab) is the largest nuclear research facility under the supervision
of the Swiss Federal Nuclear Safety Inspectorate (ENSI), and the only Swiss research facil-
ity capable of examining large quantities of radioactive materials. The Hot Lab incorporates
a complex infrastructure to ensure that all radioactive materials inside the building are
contained, and that a safe workplace for its staff is guaranteed. AHL is the operator of the
Hot Lab, as well as being its main user. The two main tasks of the division are to ensure a
safe and efficient utilisation of its infrastructure, and to conduct state-of-the-art service
work for the Swiss nuclear industry.

Highlights of current activities are listed below.

e AHL offers Hot Lab users modern analytical tools for the manipulation and investigation
of radioactive materials. In particular, the laboratory is very well equipped for struc-
tural and chemical analyses of the materials used in Nuclear Power Plants and accel-
erator facilities.

e The Hot Lab is one of the nominated ‘PSI User-Lab Facilities’, and is responsible for the
preparation and handling of radioactive specimens prior to their deploymentin the large
facilities at PSI: namely, SINQ, SLS and PROTEUS.

e AHL has strong links to the Swiss NPPs, and undertakes the necessary detailed mate-
rial investigations for ensuring their continuing safe and economic operation. AHL also
collaborates with several research projects concerned with the fuel and structural ma-
terials used in nuclear installations. Through this involvement, AHL has established
recognition of its competence within the nuclear material research community worldwide.

e AHL benefits directly from its very competent staff, in thatitis also successfully develop-
ing new analysis methods and infrastructure for tackling the challenging and ever-
changing needs of the nuclear community, and is also able to undertake its own safety
evaluation to ensure its continuing safe operation.

4 Hotcell line for research on
nuclear fuel rods, for material
testing and mechanical material
processing.
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New measurement of the half-life of ®%Fe

Ines Giinther-Leopold, Niko Kivel, Division Hot Laboratory, PSI; Dorothea Schumann, Regin Weinreich,

Laboratory for Radiochemistry and Environmental Chemistry, PSI; Michael Wohlmuther, Laboratory

for Accelerator Operation and Development, PSI; Georg Rugel, Thomas Faestermann, Klaus Knie, Gunther

Korschinek, Mikhail Poutivtsev, Technische Universitdt Miinchen, Germany

A sample containing 5°Fe has been extracted from a copper beam dump irradiated for more than ten years with high-

energy protons from the PSI ring cyclotron. In a joint collaborative project between the Technische Universitdt

Miinchen (TUM) and PSI, the sample has been used to produce a new estimate of the half-life of ¢°Fe using gamma

spectrometry and multicollector inductively coupled plasma mass spectrometry. The new value for the °Fe half-life

is 2.62 (z 0.04) x 10° yr, significantly higher than the previously reported value of 1.49 + 0.27 x 106 yr. This result

has a significant impact on the interpretation of time-scales of the formation of the early Solar System.

Radioactive nuclei produced by astrophysical processes are
a key to understanding the evolution of the Universe, and
the half-life of °Fe plays an important role in different astro-
physicalinvestigations. Most prominent examples are nucleo-
synthesis in the Galaxy, as observed through gamma rays;
the history of the early Solar System, as observed through
meteoritic inclusions; and supernova deposits on Earth, as
indicated in ocean crust material.

Only two measurements of the half-life of °Fe have been
reported to date: 3 x 10° yr (with an uncertainty of a factor 3)
[1], and 1.49 + 0.27 x 108 yr [2], which was the currently ac-
cepted value before our investigations. Obviously, a more
accurate determination of the half-life is warranted, since its
value may have a significant impact on the interpretation of
astrophysical data.

In general, half-lives can be determined by measuring the
two factors N, A of the following equation:

N
—-In2 1
y 0]

T, =
where A represents the °Fe activity, and N the number of
0Fe atoms.

Sample preparation N

The ¢°Fe sample to be examined was extracted from a copper
beam dump of the ring cyclotron at PSl in use between 1980
and 1992. In 2004, after the short-lived radionuclides had
decayed, chemical separation of iron from the bulk material,

as well as from the main contaminant, ¢°Co, was performed
by the Rad Waste Analytics Group at PSI using liquid-liquid
extraction and precipitation techniques [3]. About one order
of magnitude more ¢°Fe material was available for the inves-
tigation compared to that reported in [2].

Activity measurement

Our colleagues at TUM determined the activity A of the ¢°Fe
sample in a shallow underground laboratory, with a shielding
of 15 metres water-equivalent to reduce cosmic-ray-induced
background radiation. The activity of the sample was moni-
tored by the ‘growth’ of the daughter isotope ¢°Co, via the
two prominent gamma-ray lines of 1.17 and 1.33 MeV, over a
period of almost 1000 days (Fig. 1).

A
2 activity cal. from 1332.5 keV line —x—

activity cal. from 1173.2 keV line +—=— il

60Co activity [Bq]

L L L L
0 200 400 600 800 1000

Time since chemical separation [days]

Figure 1: Activity of the two °Co lines as a function of time.
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Figure 2: MC-ICP-MS in the
PSI Hot Laboratory.

The measurement of the two ¢°Co lines yielded a value of
A%9Fe = 49.19 (+ 0.11) Bq, from an initial ®°Co activity of 0.2 Bq
(background in the sample).

Measurement of the number of atoms

The Isotope and Elemental Analysis Group at the PSI Hot
Laboratory determined the number of ¢°Fe atoms using a
multicollector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS, Neptune, Thermo Fisher Scientific, Bremen,
Germany; Fig. 2) with a desolvating sample introduction
system for higher sensitivity [4,5].

For the determination of the number of atoms of ¢°Fe, a
master sample aliquot of 100 mg was taken and diluted with
3% nitric acid to approximately 4 pg/g. For calibration pur-
poses, a certified reference material IRMM-014) was prepared
in the same manner to match the matrix, and to achieve
similar signal intensities. The method of isotope dilution (ID)
was used for the quantification, and the analyte solutions
were prepared as five replicates with different spiking ratios
from >Fe/*¢Fe = 0.75 to 1.5 to eliminate any systematic errors.
The analysis procedure employed was the standard sample-
bracketing method, by which potential drifts of the mass
spectrometer can be detected, and the data corrected for
these drifts. All data were corrected for background, mass
bias and isobaric interferences (including ¢°Ni).

The iron concentration in the ID sample was determined to
be 585.6 + 1.6 ug/g, corresponding to 2.662 + 0.009 mg of
iron in the master sample. The ratio Neore/Nre was found to
be 2.0483 (x 0.0035) x 104, and so the number of ¢°Fe ions
in the master sample was estimated to be N=5.873 + 0.020
X 10%,

Results and conclusions

From Eq. (1), a half-life for ®°Fe of 2.62 + 0.04 x 10° yr was calcu-
lated, based on the measured quantities. This new value is much
more precise (1.5% relative uncertainty), and significantly
higher, than the previously accepted estimate given in [2].
Understanding the early evolution of the Sun requires precise
data for the half-life of ¢°Fe. There is no conclusive model at
present which can explain the presence of ®Fe in the early
Solar System in a satisfactory manner. Since this new deter-
mination of the half-life yields a value more than 75% higher
than previously thought, any models based on these earlier
data now need to be critically reviewed.

Perspectives

In the near future, itis planned to extract an even larger quan-
tity of °Fe from the copper beam dump, and to send sub-
samples of the material to interested laboratories worldwide.
This will enable a cross-check of the half-life estimation un-
dertaken at PSI to be made by the wider scientific community.
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The use of scanning electron microscopy and electron
probe micro-analysis in the study of nuclear materials

Renato Restani, Agathe Walchli, Roland Briitsch, Matthias Martin
Hot Laboratory Division, PSI

Investigations of cladding and fuel behaviour at different service times in nuclear power plants are important
for the improved development of fuel rods. The commissioning in 2009 of the fully-shielded, field-emission
Electron Probe Micro-Analyser (EPMA) JEOL 8500F, powered by remX, has provided a capability to investigate
the local distribution and concentration of elements in highly radioactive samples, including fuel rod segments.
Acquisition of this new instrument has broadened the scope of the investigations, from polished specimens
to fractography samples, and has enhanced the electron optical imaging capability and X-ray resolution
analysis. Selected results of scanning electron microscopy and electron probe microanalysis on a highly irradi-

ated fuel rod are presented here.

Scanning electron microscopy (SEM) and electron probe
micro-analysis (EPMA), performed on a Boiling Water Reactor
(BWR) fuel rod specimen, with an average burn-up of 57.5
MWwd/kgU, illustrate the capability of the newly acquired,
fully-shielded, field-emission EPMA JEOL 8500F, powered by
remX. Both electron-optical and micro-analytical methods
have been used to characterise CRUD, oxide-layer and fuel
at high burn-up, all of which are crucial factors in overall
reactor fuel performance. The results yield important informa-
tion with respect to cladding corrosion, morphology, and the
distribution of fissile and fission products in the fuel, all
which are important parameters in regard to fuel behaviour,
its efficiency and integrity.

CRUD structure and composition

CRUD is a deposit of oxidation products on the external
surface of fuel rods that can modify locally important param-
eters concerning fuel rod behaviour, such as thermal con-
ductivity, or the corrosion condition of the cladding. In the
current programme, the CRUD thickness and the water-side
oxide-layer thickness have been measured at different azi-
muthal locations around the cladding circumference of an
irradiated BWR fuel rod. The variability of the CRUD layer
thickness indicates that much loose, fine-grained CRUD had
fallen off during handling and transportation.

The texture of the deposit is quite homogeneous, with a dense
layer near the CRUD/oxide interface, and a granular, less
dense CRUD layer at the outerrim, close to the interface. The

ST SEI

Figure 1: SEM image of the outer oxide (zirconium) and CRUD
layers of an irradiated BWR fuel rod.

CRUD sometimes appears more porous, and gives the impres-
sion of being a less compact material, as seen on the SEM
image in Fig. 1.

At the same location, Fig. 2 shows a typical example of the
back-scattered electron (BSE) image, in which the CRUD
layer is contrasted against different material compositions.
Complementary to this, the Ni, Fe, Zn and Mn X-ray mappings
are shown in Fig. 3. The element Fe is rather homogene-
ously distributed, whereas Zn, Ni and Mn are scattered, with
a stronger presence near the CRUD/oxide interface, indicat-
ing a spinel-type oxide formation. The element ratios are
also complex, with strong, non-systematic variations ob-
served locally, but which can be analysed quantitatively
taking into account the EPMA resolution below 0.5 ym.
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Figure 2: BSE image of the CRUD layer.

Figure 4: SEM image showing the porosity at the rim adjacent to
the inner oxide layer of the fuel rod.

Fuel structure and composition

The fuel has been analysed using standard PSI procedures.
The porosity and element distribution across the fuel pellet
yield important information concerning the fuel and fission-
gas behaviour during reactor operation. An SEM image of the
porosity in the fuel rim zone (where the pore density is at a
maximum) following high burn-up is given in Fig. 4.

Figure 5: SEM image of a pore in the rim zone with fission
product particles and sub-micron fuel grains.

Figure 6: Cs, Xe, Ce and Pu distribution in the high burn-up
structure of the fuel rim.

An example of the high-resolution imaging possible with the
new instrument is given in Fig. 5, which shows the details of
the internal surface of an open pore in the high burn-up zone.
Finally, element mappings acquired at the periphery of the
pellet are presented in Fig. 6. At the periphery, dissolved Xe
in the matrix is present only up to 70 pm from the fuel edge.
The Ce, Cs and Pu concentrations increase towards the pellet
periphery, due to the higher fission and breeding rates.

Conclusions

The new instrument, EPMA JEOL 8500F, powered by remX,
makes possible a complete and quantitative element-distri-
bution analysis of the surface of highly irradiated materials.
The field emission electron gun, combined with elaborate
spectrometer shielding, produce high electron-optical and
X-ray resolution performance.
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FIXBOX: a complex installation for the treatment of

liquid radioactive waste

Didier Gavillet, Christoph Gerber, Jakob Wichser
Hot Laboratory Division, PSI

The conditioning of liquid waste containing radioactive materials, in particular waste containing non-irradiated

and/or irradiated nuclear fuel material in solution, is a safety-relevant problem in many Hot Laboratories around

the world. At PSI, the FIXBOX facility has been developed, featuring the enclosure of the radioactive elements

in cement bricks, by which the actinide and fission products are safely combined within a solid matrix. The

resulting ‘waste bricks’ can then be safely conditioned in a package, to be certified for intermediate and final

storage. The third-generation facility, FIXBOX-3, has recently been completed, and will be commissioned as

soon as all the administrative steps and controls required by the safety authorities have been finalised.

Handling and conditioning of liquid radioactive waste contain-
ing dissolved fuel material is difficult, and necessitates the
use of complex, dedicated installations. The third generation
of the FIXBOX facility is a further development of the installa-
tion successfully used at PSl in the past for the conditioning
of liquid waste containing non-irradiated fuel. The newly
shielded FIXBOX-3 facility has been specifically developed for
the handling, treatment and conditioning of highly-radioactive,
liquid waste containing irradiated fuel and fission products.

Waste type

The liquid waste results from the treatment of radioactive
materials using wet chemical processes, like etching, for
optical microscopy investigations, and surface cleaning or
material dissolution, for elemental or isotopic analyses. In
the PSI Hot Laboratory, the largest amount of liquid waste
results from dissolution processes of non-irradiated and ir-
radiated fuel in connection with the fuel development and
fuel behaviour research programmes.

General concept of FIXBOX-3

The FIXBOX-3 facility consists of two lead-shielded boxes,
together with internal steel boxes to ensure complete alpha
containment. In the first box, called the Concentration Box,
low-active solutions are safely concentrated using a well-
controlled distillation process, carried out under vacuum
conditions to decrease the waste volume to be treated in the

Figure 1: Installation of the distillation column in its alpha-
containment.

second box (Fig. 1). The concentration rate is carefully deter-
mined as a function of the composition of the liquid to ex-
clude exothermic reactions.

In the second box, called the Solidification Box, a well-defined
volume of liquid, resulting from the concentration process
and/or waste to be directly conditioned, is mixed and care-
fully analysed. Then, the liquid is mixed with a pre-determined
volume of cement powder to produce solid bricks, which are
then placed in steel casings (Fig. 2).
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Figure 3: Complex connector for a water cleaning sprayer nozzle.

Safety considerations

All the processes carried out in the FIXBOX-3 facility have
been developed and optimised to maximise the safety of the
operators, and generally to control the contamination of the
installation. Complex instrumentation and auxiliary equip-
ment have been specially developed to ensure that operation
ofthe installation can be achieved by remote means (Fig. 3).
Additionally, tests have been performed to determine the
maximum salt and acid concentrations consistent with the
production of dense and solid bricks, with conservative
limits imposed on all operational procedures. These mea-
sures, together with the experience gained during operation
of the previous FIXBOX installation, ensure that the FIXBOX-3
facility will be operated safely when it comes into operation.

AA1:2)
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Figure 4: Sketch of a cement brick in its steel casing and subse-
quent stacking in the final container.

Final conditioning

After complete drying/solidification of the bricks in their steel
casings, the upper part of the inner casing volume is filled
with quartz sand and finally closed with a covering lid. Five
such casings are then installed in a sealed, steel cylinder
ready for final disposal (Fig. 4). All processes will be realised
remotely in the FIXBOX facility itself, and the Hot Laboratory’s
concrete cells.

Conclusions

The FIXBOX-3 facility is a complex installation in the Hot
Laboratory at PSI. It has been specially developed and opti-
mised forthe safe handling and conditioning of fuel-contain-
ing acidic solutions resulting from the various research ac-
tivities performed at PSI.
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