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Nuclear Energy and Safety
Research Department (NES)

The strategic areas of activity within NES comprise the following:

e contributions to the safe and economic operation of the existing Nuclear Power Plants
(NPPs) in Switzerland, and proof of the safe geological storage of radioactive waste, by
reinforcing the scientific bases of the technologies in the appropriate areas;

e 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;

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

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

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

e support and participation in worldwide activities involving nuclear energy, and of its
relevance to 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.

4 Snap-shots of selected

NES activities:

1 Spray droplet characte-
rization experiment;

2 Gamma-spectroscopic
image of a fuel rod;

3 Crack propagation with
grain boundaries;

4 Electronic-probe-micro-
analysis results;

5 Droplet formationona
cold surface;

6 Aerosol deposition on
steam generator tubes.
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Scientific findings on nuclear safety issues to guide
future stakeholder decisions

Jean-Marc Cavedon

Nuclear Energy and Safety Research Department, PSI

Although from a purely objective viewpoint the economical and ecological ratings of nuclear electricity produc-

tion are good, and often better than those of renewable energies, its social acceptance is ultimately dependent

on stakeholder opinions regarding plant safety and the safe disposal of radioactive waste. This year’s selection

of scientific highlights seeks to illustrate how we strive to provide answers to these central issues. From the

behaviour of the plant as a whole, the actions of its operators to prevent the release of radionuclides to the

environment, or by studying the effects of small or large losses of coolant, we establish the scientific facts

necessary to facilitate decision-making at the stakeholder level.

There is a growing consciousness of the factual synergy
between electricity produced by nuclear power plants and
that from renewable sources, seen together as a portfolio of
technologies to ease, and even eliminate, our dependency
on fossil fuels, with their accompanying detriments to our
society and environment. This synergy, in improving the
ecological and economical dimensions of a sustainable
energy supply, does however not extend to the third dimen-
sion of sustainability: the social one.

Renewable sources, at least at their present stages of devel-
opment, are socially rather well-accepted. In contrast, the
history of the perception of nuclear electricity production in
our developed societies is often one of concern over the
safety of operation of present nuclear plants, and the prop-
er handling of nuclear waste.

Scientific studies in recent years have been used mainly to
support technical decisions. This has contributed to the fact
that Switzerland now has three technically-acceptable reac-
tor sites for the replacement of its existing plants, or for the
building of new ones. The country also has six technically-
acceptable sites for deep underground repositories. The
decision process has now moved to the stakeholder level.
Through this year’s selection of scientific achievements, we
seek to illustrate how we use scientific and technical state-
of-the-art tools to answer precise questions relating to the
two central societal issues: Are nuclear power plants safe?
Has the waste disposal problem been solved?

At the time of printing, the severe nuclear accident at the
Fukushima Daiichi site has not yet delivered all the informa-
tion that one could hope to draw from it. However, the inci-
dent already strikingly underlines the relevance of safety

studies launched well before any such accident occurs, es-
pecially for extremely low-probability events affecting nu-
clear power plants.

Simulating and mitigating unlikely events

One rare event in the operation of a nuclear reactor is the
rupture of a steam generator tube, which would connect the
primary cooling circuit of a Pressurized Water Reactor (PWR)
to the normally contamination-free secondary circuit. Should
such an event result in a sizeable opening (of area a few
square centimetres), and should it occur together with some
other unlikely lack of cooling event, it would open a pathway
forradionuclides in aerosol form from the reactor core to the
environment, by-passing the containment vessel. Although
the event chain is highly unlikely, it was deemed necessary
by a group of international nuclear regulators, nuclear con-
structors, operators and research centres to study the high-
velocity release of aerosols from a tube breach, and to esti-
mate the efficiency of possible mitigation measures. The
experiment was coordinated and executed at PSI. The title
ofthe article by T.Lind et al., included in this document, gives
both the problem and part of the solution: secondary-side
flooding of the ruptured pipe reduces the aerosol transport
by a factor of 100 or more.

When this and other very low-probability event chains are
studied, other unlikely events have also to be brought into
the safety analyses, such as delays in action (or even errors
made) by highly trained operators to emergency situations.
This theme is taken up by V.Dang et al. in their article describ-
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ing analysis of dynamic operator/plant interaction in a
postulated emergency situation. A computer simulation of
plant behaviouris combined with the simulated response of
the operators to determine what actions they should take,
and when they should take them. In the context of an inter-
national exercise, new insights into the assumptions made
concerning the constraints imposed on successful operator
response have been gained, and a tool to study some of the
key uncertainties that remain in this challenging topic has
been constructed.

The previous examples deal with topics for which improve-
ments can be brought to existing nuclear plants. But we have
also explored the near future: i.e. the upcoming (third) gen-
eration of nuclear plants worldwide, which incorporate, by
design, many safety features and improvements derived from
operational experience gained from existing plants, plus
some important novel safety features. Y. Yun et al., in col-
laboration with the Finnish regulator STUK, are conducting
independent safety assessments of the EPR nuclear plant
under construction at Olkiluoto, Finland. Results indicate
that the hottest fuel cladding temperature for this plant would
not reach levels that would initiate cladding rupture, even in
the event of a loss of coolant through a large pipe break.

Safety in normal plant operation and waste
management

The life of a nuclear fuel pellet, even under normal operating
conditions, is quite challenging. The pellet is subjected to
high temperatures and steep temperature gradients in a high
irradiation flux environment, and the appearance of new
chemical elements (the fission products) within the pellet,
some in gaseous form, generate significant mechanical
stresses. C. Degueldre et al. have succeeded in determining
how irradiation affects a fuel pellet at the atomic level. The
irradiation times considered were such that the pellet reached
burn-up values beyond the average level encountered in
Swiss nuclear plants. The nature of the chemical links be-
tween plutonium and its atomic environment was examined
atvarious locations within the pellet using one of the finest
analytical tools available: the uXAS beamline at PSI’s SLS
facility. First results already indicate that under irradiation
plutonium had not undergone major changes in its chemical
links (speciation). This not only confirms that the pellet had
performed well in the reactor, but, equally important, indi-
cates that the chemical valences that would make the pluto-
nium more soluble in water, and thus more mobile under
repository conditions, do not appear. This means that should
the pellet be disposed of in an unchanged state at a reposi-
tory site, and should water ever come to leach the pellet, the

plutonium would still hardly dissolve in, or be entrained by,
the water.

But what would happen to radionuclides if they were to be
dissolved in pore water and transported by diffusion from
such an underground repository? M. Bradbury et al. find that
radionuclides with a variety of valences (Il to IV) are sorbed
strongly by the two clay barriers being considered in the re-
pository concept of the Swiss National Cooperative for the
Disposal of Radioactive Waste (Nagra): namely, the natural
clay (Opalinus Clay) into which the galleries will be bored,
and the engineered one (bentonite MX-80) used for filling
the galleries once the waste containers have been positioned.
The predictive capacity of the sorption model developed over
the past few years, supported by an extensive thermody-
namic database, reinforces our confidence that we can
quantitatively predict radionuclide uptake in these complex
geochemical systems.

Conclusions

Whether it be the failure of a steam generator tube, the re-
sponse of plant operators to an emergency situation, or
keeping fuel cladding at safe temperatures in a new reactor
concept, our research teams have found that operational
safety can be assured for both present and future reactors
provided proper safety margins are built in, and that appro-
priate mitigation measures are implemented. Additionally,
evaluation of the solubility of plutonium in water, and of the
sorption capacity of a number of radionuclides by clay sur-
rounds, has increased our confidence in the safety of re-
pository systems.

In short, we are able to report here on scientific findings that
support the statement that Light Water Reactors and clay
repositories can be made safe. Of course, carefully chosen
to be representative of the most important safety issues, our
studies are not an exhaustive demonstration of the safety of
all systems, under all conditions. Safety studies with short-
term objectives, ever more detailed, and calling for ever more
basic understanding, will remain a core activity of NES for
many years to come.
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Facts and figures for 2010

Peter Hardegger

Nuclear Energy and Safety Research Department, PSI

With optimisations in the cost structure, and increased efforts in the acquisition of third-party funding, we were
able to compensate for increased costs and the ‘hidden’ inflation in the federal funds for nuclear research. As
in previous years, the increase in third-party funding continued during 2010. Our biggest partner, Swissnuclear,
presented its new research strategy during the year, and negotiations on the future structure of its research
funding were initiated. On the personnel front, the turnover rate has come back to a stable level in 2010 from
its highs in 2007 and 2008. The 18 new staff members arriving during 2010 exactly compensated those leaving,
so that the total workforce of NES remained constant over the year.

The steep decline in federal funds for nuclear research in the
1990s has progressively been compensated as much as pos-
sible within NES by third-party financing. A stable funding
situation was reached after the year 2000, with a small, and
sustainable, growth being maintained since 2005. This trend
has continued through 2010, the growth being a direct result
of efforts made in the acquisition of additional third-party
funding.
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Figure 1: NES funding resources 1988-2012.

The positive overall climate for nuclear research continued
during 2010, and Swiss industry in general has fully recovered
from the effects of the recent economic crisis. The employ-
ment situation within NES stabilised in 2010, fully consolidat-
ing the staffing levels.

Personnel

After three years in which more than thirty people were re-
cruited each year, the recruitment rate came back to a normal
level of less than 10% of the total staff complement per year
in 2010. New staff members joining NES numbered eighteen,
so those who left could be fully replaced, leaving only a small
number of vacancies remaining open at the end of the year.
In addition, the recruitment of young people has further
improved the overall age structure within the department.

In total, the personnel situation in 2010 was very stable,
providing those members of staff arriving in the last three
‘hectic’ years some breathing space for sustained integration.
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Figure 2: Age breakdown of new recruits during 2010.

Figure 3: NES age structure 2007-2010.
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Also, ouryoung supervisory staff profited from this situation,
further consolidating the positions of their groups and their
lead role in the research activities.

Of the eighteen NES staff who left during 2010, nine were
doctoral students or postdoctoral fellows who had success-
fully completed theirterms of study. The 48 doctoral students
and postdoctoral fellows in NES now represent 22% of our
staff.

Finances

The funding of NES by PSI, which represents direct federal
funding made available through the domain of the Federal
Institutes of Technology (i.e. the ETH-domain), remained
under pressure, and did not increase during 2010. As a con-
sequence, inflation, and the rises in unit costs, could not be
covered with respect to personnel outlay and the funds
available for consumables and expenses.

The increased costs, including those needed to sustain the
growth of the department, were compensated by the acqui-
sition of new contracts, with existing and new partners, and
with the renewal of existing contracts adjusted to the in-
creased cost levels.

In regard to consumables, investments and maintenance, a
total of 7.4 MCHF were made available: 1.7 MCHF from PSI
and 5.7 MCHF from third-party funding.

oPs|

M PSI/3rd Docs

@ PSI/3rd Postdocs

O 3rd Individual Projects

@ 3rd New Generation Staff
M 3rd Regulatory Research
B 3rd Hotlab Infrastructure

Total 215 employees

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

Partners and contracts

Safety Issues relating to the existing Nuclear Power Plants
(NPPs) within Switzerland account for 40% of the NES budg-
et, the prime emphasis being on research. It should be
noted that research in support of the continuing safe opera-
tion of the Swiss NPPs remains a national and political re-
sponsibility for NES. The main partners in these activities are
Swissnuclear (the association of operators of the Swiss NPPs)
and ENSI (the Swiss Nuclear Safety Inspectorate). As a con-
sequence, they remain two of the three largest third-party
funding partners of NES.

@ Safety of existing plants

@ Safety of future reactors
O Waste management

O Systems analyses

@ Infrastructure/maintenance

o |
o

Figure 5: Distribution of resources within NES during 2010.

Safety-related issues for future reactor concepts are also an
important research field fostering international collaboration
and attracting young researchers to NES. Funding in this
area presently amounts to 17% of the NES budget, and comes
mainly from large international collaborations, such as EU
and OECD projects, but also from small, specific contribu-
tions, such as the Swiss National Research Fund (SNF).

The growing public awareness of the nuclear waste disposal
issue confirms the importance of this research area within
NES, currently making up 13% of the total NES budget. The
main funding partner is Nagra (the National Cooperative for
the Disposal of Radioactive Waste), which is the third of the
three principal funding partners of the department.
Animportant and growing field of research is Energy Systems
Analysis, which is a joint activity between NES and the Gen-
eral Energy Department (ENE). The research in this area ac-
counts for 10% of NES funding, somewhat less than in other
areas, but one with a very high public visibility. Financing
comes from diverse sources, including EU projects, federal
offices (such as BFE and Bafu), ENSI, PSI-funded activities in
other departments, and from numerous industrial partners.
In addition to the four principal research areas, NES also
operates two large nuclear facilities: the Hot Lab, for the
handling and examination of highly radioactive materials,
and the PROTEUS reactor, in which experiments in reactor
physics are conducted. The continued operation of these two
facilities amounts to 20% of the total NES budget.

Many new contracts were finalised during the year. The most
important of these were with ENSI, HRA and NORA. In addi-
tion, Nagra continued its funding in waste management re-
search, and three new EU contracts were signed: ERCOSAM,
LEADER and CatClay. Also, the infrastructure project with
AREVA continues with a PhD programme, and a significant
additional contribution to the CCEM project CARMA was
signed with Swisselectric. The ecoinvent partners (ETHZ,
EPFL, EMPA and ART) signed a cooperation contract, and,
after long and intense negotiations with EMPA, a contract to
operate the ecoinvent centre was also concluded. Finally,
two new SNF projects were initiated, and, within the frame-
work of our existing contracts, eleven work statements/orders
were signed: two for HRA, two for STARS, and seven for the
Hot Lab.
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The strengthened role of NES in nuclear

education

Rakesh Chawla', Horst-Michael Prasser?

"EPFL and Nuclear Energy and Safety Department, PSI;

2 ETHZ and Laboratory for Thermal Hydraulics, PSI

Since its inception in 2008, the joint EPFL-ETHZ Master of Science Degree in Nuclear Engineering has received

crucial contributions from NES towards the effort needed to cover the material. Starting from Sept. 2010, the

curriculum for this highly inter-institutional, academic programme has been upgraded from 3 to 4 semesters.

The additional semester is to be spent largely at PSI, thus further strengthening the role of NES in nuclear

education within Switzerland.

The Swiss Master of Science in Nuclear Engineering [1] is the
first, and (currently) the only, common degree offered joint-
ly by the Swiss Federal Institutes of Technology in Lausanne
(EPFL) and Zurich (ETHZ). From the beginning, NES has played
a crucial role in the running of the programme by providing
— through its on-going R&D activities — the framework for
various Masters-level research projects. In addition, NES staff
have served as lecturers for several of the core courses.
From Sept. 2010, i.e. for the 3™ batch of students, the cur-
riculum has been upgraded from 3 to 4 semesters, the ad-
ditional semester to be spent largely at PSI.

Experience with the first two batches

The initial 3-semester (90 ECTS*) curriculum was followed
by the first two student batches: i.e. those who began in Sept.
2008 and Sept. 2009. Twelve students made up the first
batch, and thirteen the second, representing a diversity of
origin, just eleven in total originating from Swiss universities.
Among the various students, the most popular bachelor-
level degrees were in physics (11) and mechanical engineer-
ing (6).

Of the twelve students in the first (2008) batch, ten have
either found employment in industry, or have embarked
upon doctoral-level research programmes. One student
dropped out after two semesters, and one has been delayed
due to prolonged military service.

Of the thirteen students who started in 2009, one left the
programme after his first semester. Most of the remaining

* European Credit Transfer System [2]

twelve have now completed their course work and industrial
internships, and are currently pursuing research projects
within NES. For these students, as for the first batch, the
research topics chosen correspond to a wide range of techni-
cal interests, as illustrated in Table 1.

Research Topic

Neutron assay of highly burnt fuel

SCWR? design validation using PROTEUS data

Monte Carlo calculations of RPV® fluence

Analysis of the PHENIX pre-shutdown tests

Neutron tomography of two-phase flows

Experimental validation of CFD® modelling results

Fission gas analysis via isotopic dilution

Temperature evolution in a geological depository

©|® | N ok~ w N e

LCAY of waste disposal and CO, sequestration

N
e

HRA® application to simulated emergencies

aSuper-Critical Water Reactor; ° Reactor Pressure Vessel;
¢ Computational Fluid Dynamics; ¢Life-Cycle Analysis;
¢ Human Reliability Analysis

Table 1: A selection of the NE Master thesis topics.

Upgrading of the curriculum

The first two years running the NE programme have shown
that: (a) the course work, concentrated into two semesters,
was too intense; and (b) the allotted 25-week period for the
industrial internship, plus the Masters’ research project, was
too short. As a result, it was decided to introduce an addi-
tional semester, upgrading the curriculum to a 120 ECTS
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programme. The additional semester is to be spent largely

at PSl, and is intended to be used for:

- a semester project (shifted from the 2" Semester, and
with its weighting increased from 6 to 8 ECTS’s);

— 4 core courses (3 of them new, and totalling 14
ECTS’s; see Table 2), offered as block courses, i.e. in
modular form, rather than spread over the semester;

— an industrial internship, rated at 8 ECTS’s

The other curriculum changes are relatively minor: an “ex-
change” of semesters between the Nuclear Fuels and Mate-
rials and the Radioisotope and Radiation Applications cours-
es, and an increase in the free electives from 4 to 10 ECTS’s.
The Masters’ thesis at PSI — with its unchanged 30-ECTS
weighting and 17-week duration — is moved to the 4t Semes-

ter.

Course Responsible | Course Type |Held | ECTS
University at

Radiobiology and ETHZ Compulsory |PSI |4

Radiation Protection (new)

Adv. Topics in Nucl. EPFL Core Elective |PSI |4
Reactor Materials

Nuclear Computations | EPFL Core Elective | PSI 3
Lab (new)
Beyond-Design-Basis | ETHZ Core Elective | PSI 3
Safety (new)

Total: 14

Table 2: NE core (block) courses in the 3 Semester of the new 120
ECTS curriculum.

The shifting of the semester project from the 2" to the 3™
Semester implies that the presentation of R&D activities by
NES is to be made to the students at the end of the 2" Se-
mester, rather than in the 15t Semester.

Of the 3"-Semester core courses (Table 2), Advanced Topics
in Nuclear Reactor Materials is already one of the core elec-
tives in the 3-semester curriculum. The other three courses
are really new. Radiobiology and Radiation Protection as a
separate (8™) compulsory course fills a need felt for some
time, the number of hours previously devoted to this subject
within the Nuclear Safety course having been deemed insuf-
ficient. Nuclear Computations Lab, as a 3-ECTS core elective,
will complement the compulsory courses Special Topics in
Reactor Physics and Nuclear Safety, and will focus on the
practical use of large computer codes for NPP neutronics and
multi-physics analyses. Finally, Beyond-Design-Basis Safety
will provide a more detailed description of the complex phe-
nomena occurring during severe accidents, and the measures
needed to limit their consequences. This important subject
could not previously be adequately treated in sufficient detail
under Nuclear Safety in the 3-semester curriculum.

Exceptin the case of Radiobiology and Radiation Protection,
the main responsibility for the course work to be covered
during the additional semester at PSI will lie with senior
scientists within NES, overand above the department’s exist-
ing involvement in the programme.

Effectively, the upgrading of the NE Master curriculum implies
that the students will spend a complete academic year in
NES, and not just a single semester.

Expected impact

The extension of the NE Master curriculum is clearly of great
significance forthe programme, since, as a (3+2)-year system,
conformity has now been established with the Bologna Pro-
cess [3], which in turn implies full compatibility with other
major nuclear engineering programmes within Europe. With
EPFLand ETHZ both being members of the European Nuclear
Education Network [4], the potential for international col-
laboration has now been enhanced considerably, not only in
terms of partner universities, but also in the context of in-
dustrial organisations, such as EDF and AREVA. This is ex-
pected to help stabilise the number of students joining the
programme each year; a batch strength of about 20 being
targeted for the medium term.

Acknowledgements
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Laboratory for Reactor Physics and

Systems Behaviour (LRS)

Current activities within
LRS are centered on
four principal project areas:

4 Layout of aspent-fuel
storage pool, used as the
basis for a Monte-Carlo
simulation of neutron
transport characteristics.

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 project is concerned with the upgrading of the PROTEUS zero-power reactor to ensure
containment of significant levels of radio-activity as a pre-requisite for the measurement
of large quantities of highly burnt fuel. At the same time, requirements by the Swiss Regu-
latory Authority (ENSI) in respect to earthquake resistance and instrumentation and control
are being addressed.

STARS

The STARS project aims at the development, maintenance and application of a compre-
hensive code system, together with the necessary input database, with the general goal
of providing a safety assessment strategy for the Swiss nuclear reactors from “the pellet
to the turbine”. Areas of particular focus include neutronics analyses of reactor cores
(including fast-fluence evaluations and criticality safety assessments), coupled neutron-
ics/thermal-hydraulics transient analyses of plant systems, uncertainty analyses for
thermal hydraulics and neutronics problems, and fuel behaviour modelling. The STARS
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 to represent
state-of-the-art safety analyses of nuclear systems with fast neutron spectra (Gen IV reac-
tors). Specialties here are the comparative analyses of gas-cooled, lead-cooled and sodi-
um-cooled fast reactor systems, and the evaluation of iso-breeding equilibrium cores.

EDUCATION

The research projects within LRS provide motivation and subject material for numerous
doctoral and masters-level theses in support of training in nuclear technology at EPFL and
ETHZ. As such, the projects are strongly coupled with the joint EPFL-ETHZ Nuclear Masters
Programme, the curriculum involving teaching assignments by senior LRS staff members.
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Power distribution in spent fuel — measurement
technique and measurement station development

Gregory Perret, Oliver Kéberl, Kelly A. Jordan, Hanna Kréhnert, Michael F. Murphy

Laboratory for Reactor Physics and Systems Behaviour, PS/

In nuclear fission reactors, fuel enrichment and discharge burn-up have steadily increased over the years to

improve the cycle length and reduce costs in an increasingly competitive electricity market. As a result, fuel

assemblies with higher initial enrichment are loaded into the reactor core adjacent to highly burnt assemblies,

an arrangement which induces very strong neutron flux gradients at the interfaces between them. PSl is engaged

with swissnuclear in a project to better characterise these gradients through fission-rate measurements in a

representative mock-up of fresh and spent-fuel Pressurised Water Reactor (PWR) assemblies in the PROTEUS

zero-power reactor

LIFE@PROTEUS is a PSl-swissnuclear programme to study
the reactor physics of high-burnup fuel in the PROTEUS reac-
tor. Within the programme, large amounts of spent fuel are
to be loaded into PROTEUS to study the behaviour at the
interfaces between fresh and spent fuel PWR assemblies [1].
This ambitious project necessitates an upgrade of the PRO-
TEUS reactor.

The interface will largely be characterised in terms of the
radial pin-by-pin power rate distributions in the fresh and
spent fuel following irradiation in PROTEUS. However, meas-
uring the power in spent fuel, re-irradiated in a zero-power
reactor, is a new concept. Consequently, during the period
2009-2010, two new general-purpose measuring techniques
have been developed in PROTEUS. The techniques are based
on measuring: (i) the delayed neutrons, and (ii) the high-
energy gamma rays (> 2200 keV) emitted by newly generated,
short-lived fission products.

Development of the measuring techniques

The details of the new techniques, and their first results,
have already been documented [2] in the context of the
WOLF-B experiments, in which fresh and spent fuel segments
(36, 46 and 64 MWd/kg) were arranged in a SCWR*-type
lattice in PROTEUS and irradiated. The fission-rate ratio be-
tween the fresh and spent fuel segments was determined
using the two techniques defined above.

* Super-Critical Water Reactor

In 2010, the techniques were further refined, results com-
pared against predictions made using the monte-carlo code
MCNPX, and the impact of the statistical and nuclear data
uncertainties on the total uncertainties of the fission-rate
ratio between fresh and spent fuel evaluated. Good agree-
ment between experiments and calculations was obtained,
with typical 10 (one standard deviation) uncertainties for
fresh-to-spent fission-rate ratios being in the region of 2-3%
and 3-5% for the delayed-gamma and delayed-neutron
techniques, respectively [3,4]. For the delayed neutron tech-
nique, all calculations agreed with experiments within 1-2%,
which is much less than one standard deviation. This sug-
gests that uncertainties in the nuclear data for the delayed-
neutron technique (delayed neutron yields and relative
abundances) are over-conservative.

Measurement station design

For the next phases of the LIFE@PROTEUS programme, with
the introduction of fresh and spent PWR fuel pins into PRO-
TEUS, a new measurement station is planned, to be posi-
tioned on top of the test zone. The fuel pins will be accessed
from above, and moved upwards through a stainless steel
guide tube into the measurement position. The neutron or
gamma detector will then be embedded in a larger tube
adjacent to the pin (Fig. 1).

Theradial and angular positions of the measurement station
will be adjusted to access the different pins in the test zone.
For each measurement, the detection geometry will be kept
constant. The minimum time required to move a pin into the
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Figure 1: 3D view of the planned measurement station in
PROTEUS.

measurement position is estimated to be about one minute:
sufficient for measuring the delayed-neutron signals, but
long enough not to impose undue mechanical stresses on
the pin.

A preliminary assessment of the geometric and shielding
arrangement for the detector has been made, optimised to
improve the signal-to-noise ratios and uncertainties in the
measurements, and to maximise the life-span of the gamma-
ray detector. The performance of the measurement station
in detecting gamma-rays from fission products has been
quantified using data from the WOLF-B experiments and
MCNPX simulations (Fig. 2).

Conclusions

First results indicate that the germanium detector is ade-
quately shielded against neutrons emitted from the core,
and that the dead-time is limited to a reasonable value of
30%. Finally, it has been shown that the spent-to-fresh, fuel-
fission-rate ratios for each pin could be measured with a 10
uncertainty of around 1.5% for three irradiations of three
hours duration at 800 W.
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Safety analysis of the EPR™ reactor within the

STARS project

Younsuk Yun, Jordi Freixa, Tae-Wan Kim, Victor Petrov, Omar Zerkak, Grigori Khvostov, Annalisa Manera,

Hakim Ferroukhi

Laboratory for Reactor Physics and Systems Behaviour, PSI

The EPR™ is a Generation-lll Light Water Reactor which is among the candidates being considered for possible
new reactors in Switzerland. In 2007/2008, the Finnish regulatory body (STUK) began a collaboration with PSI
to conduct an independent safety assessment of the EPR™ currently under construction in Finland. At the

present stage of the collaboration, detailed plant/system and fuel models have been developed and, on this

basis, preliminary Large-Break Loss-Of-Coolant Accident (LB-LOCA) analyses performed using the TRACE and

FALCON codes. Results indicate that the response of the EPR™ to this type of event is satisfactory.

The EPR™ (Evolutionary Pressurized Water Reactor) belongs
to the third generation of Light Water Reactor (LWR) designs.
These designs are foreseen to constitute the new fleet of
commercial reactors in countries where the nuclear energy
option will remain, or become, one of the national energy
options for the 215t Century. The principal feature common to
all third-generation LWR designs is that primary focus has
been given to enhanced safety performance: i.e. a significant
reduction in the probability of occurrence of severe accidents
(core melt), eitherthrough increased redundancy and diver-
sification of the active safety systems (GllIl ‘evolutionary’
designs), or through the introduction of passive safety sys-
tems relying mainly on inherent physical processes such as
buoyancy and condensation (Glll+ “revolutionary” designs).
Within the European landscape, GlIl EPR™-type reactors are
currently under construction in both Finland and France, and
the EPR™ is also being considered as a candidate by the
national utilities responsible for new-build projects in Swit-
zerland.

EPR™ modelling at PSI

The mission of the STARS (Swiss Transient Analysis of Reac-
tors in Switzerland) project [1] within LRS is to develop ad-
vanced multi-physics, multi-scale, “from Turbine-to-Pellet”
(i.e. plant/core/fuel), computational methodologies for the
deterministic safety analysis of Swiss reactors. Although the
major focus is on the existing Swiss reactors, a collaboration
was launched in 2007/2008 with the Finnish nuclear safety
inspectorate (STUK) to produce independent safety evalua-

tions of the EPR™ currently under construction at the Olki-
luoto site in Finland. For the STARS project, the collaboration
was considered to be particularly valuable in regard to de-
veloping in-house GllI/llI+ expertise. The first phase of the
collaboration has recently been completed, with simulation
models developed using, as basis, detailed EPR™ drawings/
data (see Fig. 7). Among these, a comprehensive plant/system
model (i.e. involving vessel, steam generators, steam lines,
pumps, control and safety systems) has been developed
using the TRACE best-estimate code, aimed at studying the
evolution of flow, pressure, temperature and energy distribu-
tions in the plant during a postulated accident sequence
[2-4).

Complementary to the TRACE description, a comprehensive
solid CAD model has been developed and used to generate
a detailed mesh for the STAR-CD(CCM+) Computational Fluid

EPR
Design N
#iE
1 . .
STARCD ¥ FALCON

CFD Meshes from Solid CAD Models Fuel Thermo-Mechanical Model

L&)

Figure 1: EPR™ Modelling in STARS.



NES Scientific Highlights 2010

Laboratory for Reactor Physics and Systems Behaviour (LRS) 17

Dynamic (CFD) code [5]. In addition, very recently, a proto-
typical EPR™ fuel-rod model has also been developed using
the FALCON Finite Element Method (FEM) code in order to
study the thermo-mechanical behaviour of the fuel pellet,
gap and cladding arrangement of the EPR™ fuel.

LB-LOCA simulations

The LB-LOCA scenario remains one of the classical Design
Basis Accident (DBA) for LWR reactors. In regard to the EPR™,
preliminary TRACE simulations have been carried out assum-
ing a large break in one cold-leg of the primary circuit. The
objective here was to verify if core coolability could be main-
tained during and after intervention of the Emergency Core
Cooling (ECC) systems during reflooding of the reactor, as-
suming, in this context, availability of all accumulators and
2 (out of the 4) safety injection systems.

Core coolability is assessed by calculating the Peak Cladding
Temperature (PCT) for allthe fuel rods in the core, and verify-
ing that it remains below the stipulated safety criterion of
1477 K. This limit, in combination with a criterion based on
maximum allowable cladding oxidation, was originally es-
tablished with the objective of ensuring there would be no
embrittlement of the cladding (the first barrier for radioactiv-
ity release to the environment), and to guarantee thereby
that the fuel rod would not lose its structural integrity in the
case of thermal shock during and/or after the reflooding
phase. As can be seenin Fig. 2, which shows the time evolu-
tion of the cladding temperature at different axial core eleva-
tions, a PCT of just above 1000 K is predicted about 59.2
seconds after the break.

Fuel behaviour analyses have subsequently been conducted
on this basis [6]. To ensure appropriate fuel rod conditions
(gap conductance, amount of fission gas, internal rod pres-
sure) at the start of the transient, steady-state (base) irra-
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Figure 2: Results of TRACE EPR™ LB-LOCA analysis.
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Figure 3: Results of FALCON EPR™ LB-LOCA analysis.

diation calculations were first performed using the FALCON
code coupled with PSI models for fission-gas release and
gaseous swelling. Subsequently, transient FALCON analyses
were performed using, as additional boundary conditions,
the cladding surface temperature and the coolant pressure
predicted by TRACE. Results indicate that the PCT would re-
main well below the cladding rupture temperature (Trupture),
as calculated by the code as a function of the cladding dif-
ferential pressures (as monitored by the hoop stress) using
an empirical correlation validated from experiments. This is
illustrated in Fig. 3 for the axial elevation, for which the
minimum difference, Trypture-PCT, was obtained. As can be
seen, the FALCON results indicate that a comfortable margin
of about 80K remains before clad rupture. This margin is
mainly due to the low PCT value predicted by TRACE during
the transient, believed to be a direct consequence of the
design enhancements made during the development of the
EPR™ reactor.
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Computational analysis of selected Phénix
End-of-Life tests with the FAST code system

Aurélia Chenu, Robert Adams, Konstantin Mikityuk, Rakesh Chawla
Laboratory for Reactor Physics and Systems Behaviour, PS/

Selected experiments performed in the frame of the Phénix End-of-Life (EOL) programme have been used to
further validate the FAST code system. In particular, appropriate ERANOS and PARCS/TRACE models have been
developed for the analysis of the Control Rod Shift (CRS) test. Comparing calculated results with the experi-
mental data, it has been demonstrated that the FAST code system can accurately simulate the control rods and

the core power distribution. A Natural Convection (NC) test has also been studied, using a Phénix primary circuit

model for use with the TRACE thermal-hydraulics code. Predicted temperature fields from the model compare

well with the experimental data, thus confirming that the FAST code system is able to simulate the establish-

ment of natural circulation following a pump trip in a sodium-cooled fast reactor.

Phénix is a prototypic-scale (250 MWe) pool-type, sodium-
cooled fast breeder reactor [1], which operated for over 35 years
in France. Prior to its final shut-down in 2009, the Commis-
sariat a ’Energie Atomique (CEA) performed a series of End-
of-Life (EOL) tests. Two of these tests, namely, the Control Rod
Shift (CRS) and Natural Convection (NC) tests, were chosen for
analysis in two IAEA* Coordinated Research Projects (CRPs).
PSI participated in these two benchmarks in the framework
of the FAST project, for which numerical analyses were un-
dertaken of: (i) asymmetrical control rod (CR) configurations
and, through sodium heating measurements, the impact of
their positions on the local power distribution; and (ii) the
establisment of natural circulation in the primary circuit fol-
lowing a pump trip. By comparing calculated and measured
data, the tests aim to improve the neutronics and thermal-
hydraulics models in system codes.

The FAST group at PSI are among seven international par-
ticipants in the two CRPs. By participation in these tests, PSI
gain access to very important plant data which can be used
to (further) validate the FAST code system [2] for the study
of Sodium-cooled Fast Reactor (SFR) systems.

A schematic of the Phénix primary system is shown in Fig. 1.
The configuration consists of a large sodium pool containing
the reactor core. Attached are three secondary sodium loops,
each with one primary pump and two Intermediate Heat
Exchangers (IHXs). The Phénix core consists of 110 hexagonal
mixed-oxide (UO,-Pu0,) fuel assemblies with 23% to 28%
plutonium content.

* International Atomic Energy Agency

Analysis of the Control Rod Shift test

The power distributions in the core corresponding to the dif-
ferent CR positions during the test were calculated using the
neutronics code ERANOS [3] together with a coupled 3-D neu-
tronics/thermal-hydraulic model based on PARCS/TRACE [3,4].
The results of these blind calculations are presented in Fig. 2.
As can be seen, results match very well the experimental data.
The coupled model has then been applied beyond the bench-
mark requirements to study 3-D thermal-hydraulics effects
and the transient behaviour of the core, each aimed at im-
proving general understanding of SFR behaviour under the
imposed conditions.

Figure 1: Global view of the Phénix primary system.
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Figure 2: Results from the ‘blind’ CRS simulations: (a) change in
the CR positions; (b) map of the resulting power deformation;
and (c) assembly-wise comparison of the calculated and
measured power changes.

Analysis of the Natural Convection test

Starting from a steady-state condition at reduced power (120
MWth) with two primary pumps in operation, the NC test was
initiated by dryout of two of the four operating steam gen-
erators (SGs). The resulting cooling deficiency led to a reduc-
tion of the temperature difference between the primary and
secondary sides of the IHXs. When this temperature difference
reached 15K (after about six minutes) a scram was manually
initiated and the primary pumps shut down.

To analyse the test, a TRACE model of the primary circuit was
constructed (Fig. 3) using appropriate boundary conditions
for the evolution of the secondary circuit temperature and
core power.

Figure 4 shows comparisons between a blind calculation of
the temperature in the primary circuit and the experimental
data as a function of time. Largest discrepancies are seen at
the beginning of the transient. These are considered to be a
consequence of not taking into consideration the initial
thermal inertia of the reactor structures. In addition, a fun-

Figure 3: TRACE model of the Phénix primary circuit.
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Figure 4: Evolution of the primary circuit temperatures: a
comparison between blind predictions and experimental data.

damental limitation of the I-D TRACE model has been exposed,
inthatitis not capable of representing the strong temperature
stratification in the pool. Nevertheless, the reactor behaviour
and trends in the temperature plots match very well with the
measured data towards the end of the transient, so that
overall the TRACE predictions are considered satisfactory.

Conclusions

The analyses presented here constitute an important further
step in the validation process of the FAST code system. Par-
ticipation in the IAEA Control Rod Shift benchmark constitutes
areference calculation for modelling SFR control rod assem-
blies in ERANOS, and has validated the neutronics modules
(ERANOS/PARCS) in the FAST code system against (static)
reactor data. The establishment of natural circulation in the
primary pool following a pump trip has been successfully
predicted by the TRACE model, which was specifically con-
structed for the present study. However, comparisons be-
tween calculational results and test data in this case have
also highlighted some discrepancies which represent impor-
tant challenges for future SFR transient analyses.
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4 Advanced experiments in
the field of nuclear safety:
large-scale containment
tests on hydrogen flow
dynamics (top), the
behaviour of liquid films in
BWR fuel rod spacers
(bottom left), and aerosol
deposition in a 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. Efforts
focus on boiling and condensation heat transfer, turbulent mixing, aerosol physics and
iodine chemistry. The work is oriented towards transition from empirical to fundamental
modelling.

Efforts fall broadly into two main project areas.

ALPHA

The project addresses safety-relevant, thermal-hydraulics issues common to Generation
I, Illand IV Nuclear Power Plants (NPPs) in respoect to accident situations, efficiency and
plant life-time management. Originally, work 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 primary circuits and containments.
The PANDA facility, which remains the experimental backbone of LTH, has evolved into
one of the best instrumented and most versatile containment test facilities in the world.
Currently, PANDA is being used to study hydrogen generation, its accumulation and re-
moval from the containment atmosphere. A number of small-scale, special-effects tests
complement the integral PANDA facility by providing essential validation data for the
Computational Fluid Dynamics (CFD) activity within LTH, including the development of
innovative measuring techniques, such as tomography using cold neutrons, and a feasibil-
ity study on the use of fast neutrons for flow imaging.

Source Term Evaluation

Activities here are centred around the ARTIST test facility, providing unique data on aero-
sol transport and retention during severe accidents, particularly on aerosol retention in
Steam Generator Tube Rupture (SGTR) scenarios. Studies on iodine chemistry have re-
sulted in novel, highly efficient methods being proposed for filtered venting of contain-
ments. Findings from the tests have been incorporated in state-of-art, severe-accident
analysis codes, such as MELCOR.
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SUBFLOW: high-resolution liquid mixing and
two-phase flow studies in a 4x4 rod bundle

Arto Ylonen, Horst-Michael Prasser,
Laboratory for Thermal Hydraulics, PSI

The SUBFLOW experimental facility is providing valuable data for the characterisation of flow mixing in a rod-

bundle geometry. Central to the measurements is use of the wire-mesh sensor technique, which enables the

details of the flow characteristics to be portrayed simultaneously over an entire cross-section of the flow. For

single-phase situations, electrical conductivities are measured to monitor the degree of inter-channel mixing,

while under two-phase flow conditions, the conductivity measurements reflect the void-fraction distribution.

The data are valuable for the validation of Computational Fluid Dynamics (CFD) codes.

Ability to predict flow behaviour in fuel rod bundles is an
important consideration in the safety and efficiency of the
power production in the cores of nuclear plants. A common
approach to the research being conducted in this area is
study of two-phase flow in a rod bundle under adiabatic and
atmospheric test conditions. Typical instrumentation used
for void fraction measurements are multiple-tip probes, a
method based on the optical or electrical properties of the
coolant material. However, in order to determine the void
fraction distribution over an entire cross-section of the flow,
such a probe has to be moved transversely, and the measure-
ments taken in different locations. An effective alternative is
to use wire-mesh sensors (WMSs).

The main benefit of the SUBFLOW experiments is the applica-
tion of the WMS measurement technique, previously devel-
oped for open-channel flows [1], to a rod-bundle geometry,
to study both cross-mixing of single-phase coolant between
parallel sub-channels and two-phase flows.

Wire-mesh sensors consist of two sets of parallel wires placed
perpendicularly to each other at a small distance (~ 2 mm)
apart. The conductivity of the fluid is then measured at each
cross-over point with high time resolution, providing two-
dimensionalimages of the flow characteristics over an entire
cross-section. This makes possible a new quality of informa-
tion for code validation purposes.

Single-phase cross-mixing tests

Single-phase, cross-mixing experiments constituted the first
test series in the SUBFLOW experimental campaign [2]. A
schematic of the test rig is given in Fig. 1. The flow of water

is upwards, with flow mixing in the channel monitored by
injecting a salt water tracer into the main flow, the differ-
ences in conductivity being measured by a WMS located at
the top of the test section. To characterise turbulent mixing
with distance, 10 injection capillaries are placed at different
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Figure 1: Overall view of the SUBFLOW test section.
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Figure 2: Sample results from a single-phase mixing test:
time-averaged concentration distribution (left) and standard
deviations of the concentration (right).

elevations beneath the WMS. The sensor has a spatial reso-
lution of 2.125 mm and a measurement frequency of 2.5 kHz.
Of the possible 64x64 cross-over points of the wires, some
lie inside the rods, so that conductivity measurements are
actually available at 2304 positions in the plane of the sen-
sor. Using calibration values, the measured conductivity is
converted into a dimensionless scalar, its value representing
the degree of mixing taking place (1 for pure tracer, 0 for no
tracer). Time-averaged values of the normalised concentration
(left) and its standard deviation (right) are presented in Fig.
2 for a selected test with tracer injection 1295 mm below the
WMS. The plots show that at this distance downstream of
the injector the tracer has spread everywhere in the sub-
channel, but also that mixing has already begun in the paral-
lel sub-channels. Standard deviations are a maximum in the
rod gaps, where flow mixing is most intense.

Two-phase flow tests

The wire-mesh-sensortechnique can also be employed under
two-phase flow conditions. Since all measuring pointsin the
plane of the sensor are scanned quasi-simultaneously, and
at high frequency, measured signals can be converted to
represent distributions of the gaseous phase, i.e. bubbles,
since they are essentially non-conducting. In addition, with
two WMSs placed a short distance apart, it is possible to
estimate the velocities of the bubbles using cross-correlation
methods. A large body of information, such as bubble-size
distributions, can be obtained in this way.

Oa 0 00
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Figure 3: Time-averaged void fraction distributions from a series
of two-phase flow tests.

Time-averaged void fraction distributions from a set of two-
phase flow tests are presented in Fig. 3. The results show
how air bubbles form wall peaks for the lowest air flow rate
(Je) case (left), and central peaks for the highest (right). The
reason for this behaviouris the change of sign of the lift force
on the bubbles, a sideways force acting perpendicularly to
its main flow direction [3]. Due to this force, bubbles with
diameters smaller than a critical value (~5.8 mm under at-
mospheric conditions) travel towards the walls, while larger
bubbles congregate in the central regions of the flow. The
bubble injector used in the SUBFLOW tests is designed in
such a way that the initial bubble diameter can be varied,
while keeping the air and water flow rates the same.

Data for CFD code validation

Results from the single-phase, cross-mixing tests have al-
ready been used for the validation of the in-house CFD code
PSI-Boil [4]. Good agreement between measured values and
code predictions has been achieved. Two-phase flow data
from SUBFLOW could also be used for the validation of CFD
codes which incorporate models for bubble-size classes,
since the void fraction distributions measured in SUBFLOW
can be grouped according to bubble diameters.

Future prospects

During 2011, the SUBFLOW facility will be used to study the
effect of fuel rod spacers on the flow. The experiments aim
to quantify the effect of their presence on liquid mixing, bub-
ble break-up and coalescence, and void fraction distributions
in general. Results will be useful for the optimisation of rod-
spacer design.

References

[1 H.-M. Prasser, A. Béttger, ). Zschau, Flow Meas.
Instrum., 9(2), 111-119 (1998).

[2] A.Yl6nen, et al., Nucl. Eng. Des., 241, 2484-2493
(2011).

[3] A. Tomiyama, et al., Chem. Eng. Sci., 57(11),
1849-1858 (2002).

[4] B. Niceno, et al., Nucl. Eng. Tech., 42, 620-635 (2010).



24 Laboratory for Thermal Hydraulics (LTH)

NES Scientific Highlights 2010

Bubbly-flow simulations with high accuracy using

an extension of the CIP-

CSL2 method

Yohei Sato, Bojan Niceno, Laboratory for Thermal Hydraulics, PS/

At present, thermal-hydraulic studies of nuclear reactor safety rely largely on system codes, in which ap-

proximations such as the two-phase volume-averaged model are employed. The models are appropriate in

estimating global quantities, but in order to improve accuracy where it is needed more precise models, not

based on coarse-mesh approximations, have to be employed. We report here the development of a highly ac-

curate interface tracking method which explicitly calculates moving phase boundaries. The advantages of the

method are that mass conservation is strictly preserved, and the interface shape is exactly captured. The ef-

fectiveness of the method is demonstrated through a number of validation tests for bubbly flows.

To simulate boiling flow in fuel bundles precisely, without
using coarse-mesh approximations such as the two-phase,
volume-averaged model, a surface-tracking model should be
used togetherwith the conservation equations and a phase-
change model. In this paper, a recently developed surface-
tracking modelis briefly described, and its use illustrated by
means of sample calculations for bubbly flows.

The shape of a bubble in a continuum liquid is determined
from a balance between buoyancy, viscous and surface ten-
sion forces. These forces need to be computed accurately in
orderto reproduce the correct bubble shape, and its evolution
with time. In addition to this, mass conservation must be
ensured to high accuracy, otherwise the bubble volume
changes, and errors are produced in predicting its shape and
rise velocity.

To fulfil these requirements, we have developed a new sur-
face-tracking model which couples the Constrained Interpo-
lation Profile—Conservative Semi-Lagrangian (CIP-CSL2)
method [1] with an interface-sharpening algorithm [2].

Numerical method

In common with other interface-tracking schemes, CIP-CSL2
utilises a ‘colour function’ fto delineate the regions occupied
by liquid and gas (or vapour). In infinitesimal form, f=1in
the region occupied by the gas, and f= 0 in the liquid. As the
flow field evolves, fchanges as a function of space and time,
and a transport equation for the colour function needs to be
solved. The CIP-CSL2 method uses the derivative of the col-
our function in addition to its scalar value within the solution
procedure. The combination results in low diffusion and
enhanced numerical stability. Nonetheless, in the discretised
form of the equations, in which frepresents the volume frac-
tion of gas in a particular control volume, the colour function
distribution tends to smear out as time advances. To prevent
this, we have coupled an interface-sharpening algorithm with
CIP-CSL2. The coupled approach involves solving an addi-
tional ‘sharpening equation’, but in such a way as to satisfy
mass conservation exactly in a cell-wise sense.

Condition I (N/m) 0.072 0.072 0.072 0.072 0.032
o (kg/m3) 1350 1350 1350 1350 876
y (Pa-s) 2.73 2.04 1.28 0.775 0.118

’ :) ”:) @ D ™
Viern_ (mM/s) 0.28
Vierm__ (M/s) 0.22

Figure 1: Shapes and terminal velocities of rising air bubbles in a liquid pool for different surface tensions (o), liquid densities (pi)

and liquid viscosities ().
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This new surface-tracking algorithm has been implemented
into the in-house Computational Fluid Dynamics (CFD) code
PSI-Boil [3]. The code, which is able to simulate fluid flow as
well as heat and mass transfer phenomena, employs a stag-
gered finite-volume approach similar to that used for system
codes, but at a micro/meso-scale rather than at the macro-
scale.

Simulations

By way of illustration of the method’s potential, three bubbly-
flow simulations are reported here. The first example features
asingle airbubblerising in a stagnant liquid pool forvarying
viscosity and density ratios. Figure 1shows qualitative com-
parisons of computed bubble shapes against experimental
observations [4-5], and quantitative comparisons of bubble
terminal velocities. Good agreement with the measured
quantities is seen in all cases.

The second example consists of a single air bubble rising in
stagnant water. Here, the emphasis is on terminal velocity
as a function of bubble diameter (and shape, as seen in
Fig. 2), measured in different experiments [6]. The computed
terminal velocities are shown as red circles. The peak around
diameter1mm is well captured by the computations, and the
terminal velocities for larger diameters agree exactly with the
experiments. However, for bubble diameters smaller than 1
mm, terminal velocities are over-predicted by the model. This
discrepancy is considered to be a consequence of bubble
surface contamination present in the experiments. These
contaminants obstruct the water flow overthe bubble surface,
resulting in no circulation being generated inside the bubble.
In contrast, in the computations, contaminants are not mod-
elled, and a circulation is predicted inside the bubble,
driven by the surface shear.

The third case considers multiple bubbles rising in a vertical
channelfilled with water. Fifty air bubbles are initially placed
in the water in a random manner, as shown in Fig. 3a; the
diameter of each (spherical) bubble being set at 5 mm. The
computational domain has dimensions 40X40X80 mm in
length, breadth and height, respectively. The side boundaries
are modelled as rigid walls with zero-slip, while the top and
bottom boundaries are assumed to be periodic. Computed
results are shown in Figs. 3b to 3d. Initially, the bubbles start
to rise under buoyancy, deform, and sometimes coalesce.
As a consequence, larger bubbles are formed, and the total
number of bubbles decreases. Although results cannot be
compared against experimental data in this case, the calcu-
lation demonstrates the robustness of the method, and the
ability to compute flows with many bubbles simultaneously.
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Figure 2: Terminal velocity of air bubbles rising in water. Red
circles represent computed values.

Figure 3: Multiple-bubble simulation at successive times: (a) t=0;
(b) t=0.12; (c) t=0.24; (d) t=0.36. All times in seconds.

Conclusions

A new interface-tracking algorithm has been developed
within the in-house CFD code PSI-Boil and applied to a num-
ber of bubbly-flow configurations. The advantages of the
method are: (1) exact mass conservation, and (2) high preci-
sion interface capture. Comparisons have been made against
experimental data for single bubbles rising in stagnant oil
and water baths. The simulation of multiple bubbles dem-
onstrates the ability of the method to compute bubbly flows
with coalescence.
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Improved retention of radioactive aerosols during
a steam generator tube rupture

Terttaliisa Lind, Detlef Suckow, Abdel Dehbi, Salih Giintay, Laboratory for Thermal Hydraulics, PSI

A Steam Generator Tube Rupture (SGTR) in a Pressurised Water Reactor (PWR) may lead to release of radioactive
aerosol particles to the environment. Though an event of very low probability, its significance lies in the po-
tential to bypass the containment barrier, thus providing a direct pathway from the (radioactive) primary circuit
to the (normally inactive) secondary circuit, and thence to the environment. It is shown in this work that if the
leak is covered with water a large proportion of the aerosols would be retained, and the potential release of
radioactivity to the environment substantially reduced. Consequently, active flooding of the secondary side of
the steam generator represents a powerful accident management procedure, allowing reactor operators to
mitigate the consequences of such an accident. However, no reliable models exist to quantitatively describe
the aerosol retention mechanism, which has then to be determined experimentally. The ARTIST facility at PSI
supplies unique data in this regard.

Inthe case of an SGTR in a PWR, radioactive aerosols released
from the reactor core can pass to the secondary circuit,
thereby creating a direct pathway to the environment, bypass-
ing the engineered containment barrier. The steam generator
(SG) offers ample surface area upon which fission products
may be deposited, such deposition having the potential to
significantly reduce the final emission to the environment.
However, due to the complicated physical processes occur-
ring, such as particle impaction, thermophoresis and turbu-
lent deposition, it has not yet been possible to quantify the
retention potential by calculation alone. Consequently, PSI
has initiated, and coordinated, the international research
programme ARTIST [1], in which experiments are carried out
to investigate aerosol retention in a steam generator during
an SGTR event.

In certain severe accident scenarios, it is suspected that if
aerosols are released from the core, the steam generator can
be (at least partially) flooded with water as part of a defined
accident management procedure. The presence of the water
would greatly affect aerosol deposition, and it remains an
open question to what extent this would mitigate radioactive
release to the environment, and whether the operators should
beinstructed to flood the secondary side if such an accident
should occur [2]. Due to the complexinteraction of the aero-
sols with the steam and water in the SG, and the complexity
of the geometry, no reliable models currently exist for esti-
mating the degree of aerosol retention. Experiments are
needed, and the ARTIST Il experimental programme has been
launched as a consequence.

The ARTIST facility

ARTIST is a scaled-down version of the FRAMATOME 33/19-type
steam generator in operation at the Beznau (1136 MWth PWR)
Nuclear Power Plant in Switzerland. The ARTIST facility (Fig. 1)

Figure 1: ARTIST: a stream generator mock-up facility.
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Figure 2: Electron micrographs of test aerosols: agglomerates
(top) and spherical particles (bottom).

comprises a tube bundle, a separator unit (at 1:1 scale) and a
dryer cell (at 1:1 scale). The bundle section is scaled-down in
terms of height (3.8 m) and diameter (0.57 m), but the 270 straight
tubes of 19.05 mm diameter are of prototypic dimensions.

Aerosol retention in the flooded bundle

Since the year 2000, several experimental campaigns have
been carried out in ARTIST to determine the level of aerosol
retention in a steam generator under different accident condi-
tions. In particular, the effects of variation of different param-
eters on particle retention have been investigated, such as
particle type — spherical or agglomerate (as depicted in Fig. 2),
particle size, gas mass flowrate and water level [3].
Experiments carried out to date have confirmed that the
existence of water in the secondary side significantly in-
creases the degree of aerosol retention. Under certain condi-
tions of the aerosols entering the flooded secondary side,
less than 0.1% were ultimately transported out of the bundle.
Figure 3 gives a quantitative comparison under otherwise
similar conditions of the aerosol transport efficiency through
a steam generator bundle under dry secondary-side condi-
tions and for two water levels above the break.
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Figure 3: Aerosol transport efficiency in a stream generator
bundle under dry and flooded conditions, as measured in the
ARTIST facility.

Results

Increasing particle inertia, i.e. particle size and velocity,
generally increases the retention capacity following a SGTR.
Evidently, inertial mechanisms ultimately determine particle
retention in the bundle close to the tube break, where most
aerosol retention takes place. Even with the very low water
level of 0.3 m above the break, only about 1% of the aerosols
released through the break would be transported out of the
bundle compared to dry-bundle conditions. Under conditions
of high gas flowrate, and for large aerosol particles, aerosol
transport efficiency through a flooded bundle would be just
0.04%.

At high gas flowrates, droplets are entrained from the water
surface, and carry aerosol particles with them. Once the drop-
lets evaporate, the particles are released into the gas flow.
However, compared with particle retention in the water due
to inertial effects close to the tube break, the effect of droplet
entrainment on particle transport is shown to be minimal.
Increasing the submergence depth of the break increases
the level of particle retention in the water, and the effect is
much strongerin a flooded SG bundle than in open pools [3],
presumably due to the jet/bundle interactions, which create
very complex, two-phase flow conditions. Current indications
are that models developed for open pools are not suitable
for calculating aerosol retention in a flooded bundle, even
for regions far from the tube break.
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<« The effect of spatial mine-

ralogical heterogeneities on
caesium (Cs) diffusion in
Opalinus Clay. A comparison of
the measured and simulated

Cs distributions in two
dimensions in the clay mineral
fraction for a radial slice
through the sample: (A) Cs
transport monitored in-situ
using micro-tomography at the
PSI-TOMCAT beam line; (B)
transport simulations per-
formed using an in-house
random walk code. (with the
transport and sorption
parameters estimated from the
experimental results).

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 the disposal of radioactive waste
products arising from medicine, industry and research in Switzerland, and on its behalf
LES carries out an 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 national needs, present and future, in respect to the
safe disposal of radioactive waste in the fields of geochemistry and the transport mecha-
nisms 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 that 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).

A key point in the future strategy of LES is that the Laboratory continues, and, wherever
possible and appropriate, intensifies its integration within scientific and waste manage-
ment communities through cooperation 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 as a consequence of our connec-
tions to universities enables us to provide doctoral and post-doctoral positions within the
Laboratory.

In 2008, the Federal Office of Energy (BFE) approved guidelines for the site selection 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 prepara-
tion of licensing applications (to the year 2018), will be a central function of LES in the
coming years.
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Predictive sorption modelling of Ni(ll), Co(ll), Eu(llll)
and Th(IV) on MX-80 bentonite and Opalinus Clay

Michael Bradbury, Bart Baeyens,
Laboratory for Waste Management, PSI

The uptake of radionuclides from the aqueous phase onto immobile solid surfaces (mineral phases in the

backfill materials and host rock) is one of the main pillars of safety in the performance assessment of deep

geological repositories in Switzerland. An in-house, quasi-mechanistic sorption model, with associated non-

adjustable parameters, has been used to make blind predictions of sorption isotherms of radionuclides meas-

ured on bentonite and Opalinus Clay under chemically realistic conditions. The procedures are described for

Ni(l1), Co(ll), Eu(ll) and Th(IV), and the calculated curves correspond well, or very well, with the measured data.

The disposal of radioactive waste in deep geological re-
positories is aimed at isolating the radionuclides from the
biosphere for many hundreds of thousands of years. Radio-
nuclide transport will most probably occur via the aqueous
phase in the backfill and sealing materials, and in the host
rock. In this respect, the partitioning of the dissolved species
between the aqueous phase and immobile solid surfaces
(sorption) is a primary consideration. It is currently common
practice to treat sorption in terms of a solid/liquid distribu-
tion ratio: Ry = Csors/Ceq, in Which Csor is the quantity of
metal sorbed per unit mass of sorbent (mol kg~") at an
equilibrium aqueous sorbate concentration of Ceq (Mol L77).
Sorption is a complex process, and it is certainly rather un-
satisfactory in that the entire complexity of the radionuclide/
porewater/rock interacting system for each radionuclide is
contained in the single, lumped parameter: Rq. Such a
purely empirical approach has a clear and significant disad-
vantage, in that it has no predictive capabilities. Conse-
quently, there is a pressing need to better understand sorp-
tion, and the factors which influence it. This need has led to
the development of sorption models based on mechanistic
approaches, which aim to understand and quantify the
processes controlling the uptake (sorption) of aqueous spe-
cies.

Sorption model for clay minerals

The surfaces of clay mineral platelets carry a permanent,
negative electrostatic charge arising from the isomorphous
substitution of lattice cations by cations of a lower valency.
Charge neutrality is maintained by electrostatically bound

cations which can undergo stoichiometric exchange with the
cations in solution; this process is called ‘cation exchange’.
A second category of reactive sites associated with clay
minerals is perceived as being that of surface hydroxyl groups
(=SOH) situated along the edges of the clay platelets, edge
or broken-bond sites, and which can protonate and depro-
tonate as a function of pH to form surface complexes with
aqueous metal species.

In radioactive waste management, the 2:1 clay minerals
montmorillonite (Fig. 1) and illite are important major com-
ponents of bentonite and argillaceous rocks, respectively,
and for this reason were chosen to be studied. A 2-site,
protolysis, non-electrostatic, surface complexation and
cation exchange sorption model (2 SPNE SC/CE) has been
developed to describe the uptake of radionuclides on the
different site types [1].
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Figure 1: Structure of the clay mineral montmorillonite.
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Figure 2: Sorption isotherms on MX-80 bentonite and Opalinus Clay: experimental results and modelling.

The bottom-up approach

The bottom-up approach is based on the premise that radio-
nuclide uptake in complex mineral/groundwater systems can
be quantitatively predicted from knowledge and understand-
ing of the mechanistic sorption processes on single minerals,
and the models developed to describe them. The average
2:1clay mineral contents of bentonite and Opalinus Clay are
75 wt. % (montmorillonite) and 40 wt. % (illite and illite/
smectite mixed layers), respectively. These are assumed to
be the minerals predominantly responsible for sorption. The
sorption values have been calculated as functions of con-
centration using the MINSORB code, which incorporates the
2SPNE SC/CE model and the Nagra/PSI 01/01 thermody-
namic database [2], and assumes that only the free-metal
and hydrolysed species are sorbing. These values are then
scaled by 0.75 and 0.40, which are the respective clay min-
eral fractions in bentonite and Opalinus Clay.

The predicted sorption isotherms were then compared
against measured data for MX-80 bentonite and Opalinus
Clay. The results for Ni(ll), Co(ll), Eu(lll) and Th(IV) are shown
in Fig. 2. The metals were chosen to provide a broad range
of chemical behaviour and valence states: bivalent transition
metals, lanthanide/trivalent actinides, and tetravalent acti-
nides. In most cases, measurements cover more than four

orders of magnitude of the metal aqueous equilibrium con-
centration. The agreement between experiment (solid circles
and diamonds) and the blind predictions (solid lines) is good
to very good, and in most cases the calculated values fall
within the given experimental error bars.

Conclusions

On the basis of the modelling results presented here, the
bottom-up approach, used in conjunction with some simpli-
fying assumptions and the procedures described, may be
regarded as a very promising method for quantitatively cal-
culating radionuclide uptake in complex geochemical sys-
tems. This has been demonstrated for two important barriers
in the current concepts for deep geological disposal: ben-
tonite (MX-80) and argillaceous host rocks (Opalinus Clay).
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X-ray absorption investigations of sorption sites for
metal uptake by clay minerals

Rainer Déhn, Bart Baeyens, Michael Bradbury
Laboratory for Waste Management, PSI

Clay minerals are major components of the back-fill materials and argillaceous host rocks associated with

potential high-level, radioactive waste repository sites. One of the main properties of clay is its characteristi-

cally strong sorption of radionuclides. The present study examines a major assumption made in a widely ac-

cepted sorption model used to predict the uptake of radionuclides in clay-containing systems: namely, the

existence of strong and weak sorption sites. In this study, different, carefully prepared Zn/montmorillonite

samples have been investigated using X-ray absorption spectroscopy.

The sorption of radioactive elements on the immobile mate-
rial components of the near and far fields of a deep geo-
logical radioactive waste repository is an important process
in retarding their ultimate aqueous phase transport, and as
such plays a significant role in safety assessment studies.
The development of robust and well-founded mechanistic
sorption models to predict the uptake of radionuclides under
different geochemical conditions greatly enhances the jus-
tification and defensibility of the sorption values selected
for performance assessments, and thereby represents a
substantial contribution to the scientific basis for long-term
radioactive waste disposal.

For a high-level-waste repository, clay minerals are major
components of the back-fill material (e.g. bentonite) and the
host rock (e.g. Opalinus Clay), and serve to significantly retard
the release of radionuclides into the biosphere by uptake
processes and/orthe formation of new phases. Clays possess
alarge specific area and a high structural charge (up to 1000
meq per kg). These characteristics are ideal for their utilisa-
tion as geochemical safety barriers in radioactive waste re-
positories.

Zn sorption on montmorillonite

Montmorillonite is a dioctahedral 2:1 clay mineral consisting
of an octahedral Al sheet sandwiched between two tetrahe-
dral Si sheets. Isomorphic substitutions in the octahedral
sheets generate a permanent charge on the basal plane of
montmorillonite. Cations can form outer-sphere complexes
at these surfaces, which are, relatively, easily interchange-
able with other cations from solution: the so-called cation
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Figure 1: Zn sorption isotherms on montmorillonite: measured
data (symbols) and model predictions (lines).

exchange process. Metals can also sorb on the pH-depend-
ent amphoteric hydroxyl sites (=SOH) exposed at the edges
of montmorillonite by forming inner-sphere surface com-
plexes. The two-site, protolysis, non-electrostatic surface
complexation and cation exchange (2SPNE SC/CE) sorption
model has been used over the past decade or so [1,2] to
quantitatively describe the sorption edges and isotherms of
metals with valences from Il to VI in 2:1 clay minerals. One of
the main assumptions of the model is that there are two
broad categories of edge-sorption sites: the so-called strong
(=S°0H) and weak (=SW'OH) sites. In Fig. 1, an example of the
uptake of Zn on montmorillonite is shown, together with the
contributions of Zn sorption on the three different types of
sites, as obtained from calculation.

It was considered important to verify (or not) the strong/weak
site assumption embodied in the sorption model. Because
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of their different sorption characteristics, the expectation
was that the coordination environments of the surface com-
plexes on the two-edge site types would be different. In this
study, Zn was selected as a representative divalent transition
metal cation, because it allows extended X-ray absorption
fine-structure (EXAFS) measurements to be performed at
environmentally relevant concentrations.

EXAFS investigations

EXAFS spectroscopy was employed to gain insight into the
sorption processes at the molecular level. Initial EXAFS
characterisations were carried out on the as-received mont-
morillonite samples in order to determine the speciation of
the incorporated Zn species. In the corresponding radial
structure functions (RSFs), obtained by Fourier transformation
of the EXAFS data, there is a RSF peak (Zn-0 contribution) at
R+AR=1.54 A, which is typical for Zn-O back-scattering pairs
(Fig. 2). Beyond the first shell, there are three further RSF
peaks in the range between R+AR = 2-4 A, characteristic for
back-scattering pairs from the montmorillonite surface. Data
analysis has shown that the incorporated local environment
of Zn consists of 3 Al at 3.02 A and 4 Si at 3.22 A. These pa-
rameters are consistent with Zn located in the octahedral
position (Zn1in Fig. 3), in which the OH groups are transverse
to the site.

The RSF of the EXAFS data for Zn sorption under conditions
representative for the strong sites (Zn loading < 2 mmol/kg)
show distinct differences from the spectrum of the incorpo-
rated Zn, indicating a molecular environment differing from
the incorporation on octahedral sheets. Data analysis indi-
cates thatthe local Zn environment consists of ~1.5 Al at 3.02
A, ~1Siat3.07 A, and ~2 Si at 3.26 A. These parameters in-
dicate that a mixture of sorption complexes has formed at
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Figure 2: Radial structure functions of Fourier-transformed EXAFS
data indicating the different structural environment of Zn
complexes.

Figure 3: lllustration of Zn incorporated in the montmorillonite
clay (Zn1) and Zn complexes sorbed onto the amphoteric
hydroxyl sites (Zn2-Zn5).

the montmorillonite edge sites, as illustrated by the Zn
complexes Zn2 - Zn5 in Fig. 3.

The RSF of the sample prepared with Zn loadings character-
istic of weak sites (i.e. Zn loading < 30 mmol/kg) differ sig-
nificantly from those of Zn incorporated and sorbed at low
concentrations. The lower amplitude in the RSF peaks indi-
cates that the complexes are less ordered than in the previ-
ous cases. The data could be well fitted with ~1 Al at 3.04 A
and ~1Si at 3.33 A. Whereas the spectra of the incorporated
Zn, and the Zn on the strong sites, exhibited a pronounced
polarised EXAFS dependency, and formed surface com-
plexes in the continuity of the Al octahedral sheets at the
montmorillonite edges, the spectra of Zn weak sites show
only minor angular dependency. The weak P-EXAFS depend-
ency, and the longer Zn-Si bond length of 3.33 A, indicate
that the Zn complexes are not strongly bound in octahedral
positions, but are rather randomly distributed on the surface.

Conclusions

The study has clearly demonstrated that there is a pro-
nounced difference between the local environment of the Zn
surface complexes at low and medium loadings, indicating
that different crystallographic sites are involved in the Zn
sorption behaviour on the edge sites of montmorillonite.
Furthermore, the spectroscopic evidence is consistent with
a multi-site sorption model, and in particular with the strong/
weak site concept intrinsic to the 2SPNE SC/CE sorption
model.
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Up-scaling of molecular diffusion coefficients

in clays

Sergey Churakov, Thomas Gimmi
Laboratory for Waste Management, PSI

Up-scaling of pore diffusion coefficients for water and ions in clays from the molecular to the continuum scale

is particularly challenging since the scales differ by several orders of magnitude. To address the up-scaling

problem, a two-step simulation approach has been developed which enables macroscopic diffusion coefficients

for water and ions for use with continuum equations to be derived from atomistic simulations, at comparably

low computational costs.

Materials with low permeabilities, such as clays, are impor-
tant components in the engineered and natural barriers for
the planned deep geological repositories for radioactive
waste in Switzerland. Slow diffusion, and the strong sorption
properties of such clay-like materials greatly retard the migra-
tion of radionuclides from the repository to the environment.
The macroscopic diffusive transport of dissolved species
through the barrier materials originates from the Brownian
motion of molecules and ions in solution, and their interac-

tion with the surfaces of the solid medium. Up-scaling of
such molecular-based phenomena to the macroscopic scale
is very challenging, since the scales differ by several orders
of magnitude. To address the up-scaling issue, a two-step
simulation approach has been developed to derive the mac-
roscopic diffusion coefficients forwater and ions for use with
the continuum equations from pore-scale molecular diffusion
coefficients [1].
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Figure 1: Clay structural maps used for the simulations representing a heterogeneous mineralogical composition (top). From left to
right: 100-0, 70-30, 30-70 and 0-100% Smectite-lllite particles. The interlayer porosity accessible to cations and water is shown by the
thin white stripes. lllite particles (dark brown) are so-called non-swelling clays, i.e. those without interlayer porosity. The structural
characteristics of the mineral particles in the clay structural map are shown underneath. The definition of equivalent particle radius
(blue), circularity (green) and angle of orientation (red) are indicated by the lines in the top left image.
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The starting points for the up-scaling procedure are the local
pore diffusion coefficients derived from molecular dynamics
(MD) simulations for specific local confinements of the pore
solution: i.e. the interlayer and edge regions of clay particles
[2,3].

Diffusion of water and ions in such environments is strongly
influenced by the composition and bulk density of the clay.
Local diffusion parameters in a single pore were first obtained
from molecular simulations. These were then assigned to the
different types of porosity in a model clay structure (Figs. 1
and 2), and the structure-averaged diffusion coefficient was
subsequently derived from random walk (RW) simulations.
The model clay structure was generated in 2D, and approxi-
mated the basic structural properties of the clay materials,
such as particle-size distribution, geometry, orientation and
porosity (Fig.1). The effects of mineralogical heterogeneities
and of anion exclusion on the larger-scale diffusion coeffi-
cients for the model clay structure were investigated by
varying the fraction of the smectite clay particles and other
non-swelling phases.

The validity of the approach has been demonstrated by
comparing the results of direct molecular simulations for a
stack of pyrophyllite nanoparticles using a two-step up-
scaling algorithm (Fig. 2). Whereas the same diffusion coef-
ficients were obtained, the computational costs of the up-
scaling approach were several orders of magnitude lower
than those of the direct molecular simulation.

Future Prospects

The proposed up-scaling approach is very robust, versatile,
and capable of unravelling the relationship between struc-
tural and diffusion properties of very complex porous media.
In the future, the focus will be on developing an algorithm
for the automatic generation of structural maps. This will
enable the simulation set-up to be tailored to specific clay
samples. Investigating larger samples, possibly including
heterogeneities, is one option for future development, but
furtherwork on improving the high-resolution and pore-scale
description will also be required.
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Figure 2: (A) Snapshot from MD simulations of pyrophyllite
particles separated by two water layers. Oxygen, hydrogen,
silica and aluminum atoms are shown as red, grey, yellow and
green spheres, respectively. The simulation supercell is shown by
the yellow dashed line. (B) Surface plot of the 2D probability
density profile of water molecules determined from MD
simulations. Peak areas correspond to long residence times. In
the overlay, light grey and grey areas indicate interlayer space
and interparticle (edge) porosity, respectively, as assigned to the
RW simulations. The diffusion coefficients D" and D¢ for these
pore spaces were obtained from short (200 ps) MD trajectories
resident in the corresponding domains. The inaccessible solid
phase is shown by the solid black line delineating the simulation
cell for the RW simulations. (C) Mean square displacement of wa-
ter molecules in direct MD simulations (green lines) and the
results of RW simulations (blue lines). Good agreement between
the slopes of the green and blue curves indicates that the
structure averaged diffusion coefficients obtained by the two
methods are the same.
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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 an interdisciplinary 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 The safety, environmental

. . Main contributions here are to the solution of current and future issues relating to the
impacts and economics of

technologies are in focus in handling of human factors in the context of Probabilistic Safety Assessment (PSA).
the work of the Laboratory
for Energy Systems Analysis
(LEA). Acomprehensive
perspective arises from
analyses at multiple levels.
These are, from top to
bottom: human-technical
facility-level simulations,
preferences and criteria for
technologies and sectors, and
the economics and develop-
ment of energy systems.
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Heuristic design for the technical characterization

of passenger vehicles

Erik Wilhelm, Warren Schenler, Laboratory for Energy Systems Analysis, PSI

Light-duty vehicles account for roughly 10% of the total CO, emitted in the developed world, and many advanced

technologies are currently under development to reduce the environmental impact of this form of personal

transportation. We report here on methods and tools being developed to help policy makers, manufacturers

and consumers to make the best possible decisions about how to form policy, what to build, and what to buy.

Arevolutionary (albeit gradual) process of electrification and
fuel diversification is underway in personal transportation,
with manufacturers choosing from a variety of technology
options to simultaneously satisfy consumer demand and
regulatory requirements. A comprehensive overview of the
impact that technologies could have on various stakeholder
criteria is required to enable regulators to implement the
most effective policies, for manufacturers to develop the
most appropriate products, and to help consumers under-
stand the choices they have. Special emphasis is being
placed on fully electric and fuel-cell vehicles, which are
among the most radical (though as yet least market-ready)
technologies under development, but which are of particular
interest to industrial and government stakeholders.

Methodology overview

To achieve the level of detail required to fully evaluate the
technology options available, while still examining as broad
a range of technologies as possible, three methods have
been developed, and applied, at PSI. Heuristic vehicle design
techniques draw upon historical design rules to combine and
size the various technology options into self-consistent ve-
hicle designs. Simulations based on quasi-static, linear
dynamics models are being used to evaluate design feasibil-
ity. In order to objectively compare various hybrid vehicles
with two or more energy sources against both each otherand
conventional vehicles, it is crucial to ensure that an optimal
hybrid control strategy is used for the simulation. Determin-
istic dynamic programming methods have been developed
which optimize the power split between electrical and chem-
ical energy at each moment in the New European Driving
Cycle. Once a set of virtual vehicles has been fully character-
ized, a multi-criteria, trade-off and decision analysis is ap-

plied to evaluate the influence of stakeholder preferences,
and to input assumptions concerning the robustness and
suitability of the various advanced technology options.

Survey and Multi-Criteria Analysis (MCA) results

Three separate surveys have been performed to estimate
stakeholder preferences. Figure 1shows results of the survey,
togetherwith the observed Swiss sales preferences for eight
important technology indicators.

The disparity between the predicted and observed prefer-
ences seen in Fig. Tindicate that survey respondents gener-
ally understate the financial, and overstate the environmen-
tal, criteria relative to actual car buyers. This observation has
led to an investigation of how buyers’ preferences could be
derived from actual purchase data. The preferences calcu-
lated for the top 30 vehicles sold in Switzerland during 2010
are given in Table 1, which shows how the MCA algorithm,
tested using real preferences, compared with the top-ranked
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Table 1: Real and simulated vehicle characteristics, coloured according to model predictions and real consumer preferences:

red = low, yellow = mid, green = high, bordered = disagreement.

‘virtual vehicle’ consumers actually purchased. Whenever
the order of the ‘green-yellow-red’ triplets matches by column
the three datasets, the MCA algorithm accurately reflects the
real-world trend. As can be seen, the algorithm performs very
well for most criteria, consistently matching vehicle perfor-
mance ranking with observed stakeholder preference, except
for the range criterion (bold border), which is difficult to
determine due to the lack of fuel-tank capacity data.

The influence of varying input assumptions on vehicle design
choice was investigated for Switzerland using six scenarios
representing current and future technology and fuel costs
(with economies of scale applied to electric and fuel cell ve-
hicle technologies to generate reasonable manufacturing cost
estimates). In Fig. 2, the observed preference clusters, C1, C2,
(3, are plotted against the first- and second-ranked vehicles
from the MCA according to changes in fuel cost and fuel-chain
emissions. Data are taken from the US GREET database [3].
Bio-diesel and hydrogen fuel-cell vehicles dominate the rank-
ing, due in part to their low emissions and range perfor-
mances (the all-electric vehicles suffer in this regard). In
general, a deviation between consumer preference and vehi-
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Figure 2: Multi-criteria decision analysis on observed preferences
over various current and future scenarios.

cle behaviour still exists. The MCA algorithm is shown to ac-
curately predict which vehicles correspond to actual car sales,
based on preferences representing observed clusters of
customers. For stakeholder profiles representative of current
vehicle consumers, it is seen that bio-diesel and hydrogen-
fuelled, non-hybrid, parallel and fuel-cell hybrids are preferred
over a broad range of Swiss technology assumptions.

Conclusions

Itis important to emphasise that no technology satisfies all
the user criteria. In addition, there remain uncertainties in
future fuel and technology costs. In order to reconcile uncer-
tainties with multiple stakeholder preferencesin an interac-
tive and meaningful way, a web-tool based on the concept
of an ‘heuristic vehicle design’ has been created. This tool
allows users to explore how their preferences and predictions
of future technology characteristics influence which vehicle
is top-ranked for them.

This work reports on the final stages of the CCEM HyCHANGE
project, which will be expanded in the CCEM THELMA project
(thelma-emobility.net), with the goal of assessing the need
for electrification of personal vehicles.
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Review of scenarios for nuclear generation

In Europe

Hal Turton,
Laboratory for Energy Systems Analysis

Nuclear energy has the potential to play an important role in the future, but faces a number of uncertainties.

The Laboratory for Energy System Analysis (LEA) has recently completed a timely review of leading scenario

studies presenting possible futures for nuclear energy in Europe. This review compared different scenarios —

from the International Energy Agency (IEA), the World Energy Council (WEC), the Nuclear Energy Agency (NEA),

the European Commission (EC), and others - and sought to understand the factors driving the deployment of

nuclear generation up to the year 2050, thereby identifying conditions that support nuclear energy. This work
was supported by FORATOM for their 2050 Roadmap.

A number of authoritative organisations have developed

scenarios of the European energy system. Such scenarios

are important for policy and business decision-making, are

used to explore possible developments in the future, and to

test strategies against those potential developments. In the

case of nuclear energy, such scenarios illustrate how the

level of nuclear generation may change, and provide a con-

sistent storyline and quantification of the driving forces and

conditions affecting deployment of nuclear against alterna-

tive energy sources.

LEA has reviewed the role of nuclear generation in Europe in

five leading scenario studies:

e Eurelectic’s Power Choices [1];

e the IEA’s Energy Technology Perspectives (ETPs) 2010 [2];

e the WEC’s Energy Policy Scenarios to 2050 [3];

e the NEA’s Nuclear Energy Outlook (NEO) 2008 [4]; and

e the EC’s New Energy Externalities Development for
Sustainability (NEEDS) project [5].

For each study, a baseline scenario was reviewed, along with

a stringent climate change mitigation scenario.

Nuclear deployment in scenarios

The selected scenarios exhibit a range of outcomes for the
future of nuclear energy in Europe in 2050, as shown in
Fig. 1. The deployment of nuclear energy ranges from 117 GW
to 424 GW across the scenarios (taking account of different
regional definitions), although for most climate change
mitigation scenarios a nuclear share of roughly 30% is fore-
seen.
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Figure 1: Scenario estimates of European nuclear deployment
for 2050.

The review sought to determine the factors driving these

scenario outcomes for the future of nuclear electricity gen-

eration in Europe. These factors could be delineated into two

main groups:

1. those determining the size of the electricity market;

2.those determining the relative competitiveness,
availability, and acceptability of nuclear energy vis-a-vis
other electricity generation options.

Scenario driving forces

Table 1provides a summary of the factors contributing to the
observed levels of nuclear deployment for the selected sce-
narios. For factors affecting the size of the electricity market:
e The scenarios exhibit a range of future economic growth

trajectories, and a range of estimates of future energy in-
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tensity. However, economic growth and energy intensity
reductions generally correlate in the scenarios (with the
exception of those from the NEEDS project). This is consist-
ent with much of the scenario literature, and with the notion
that faster economic growth equates to greaterinnovation,
faster replacement of capital stock, and structural chang-
es that reduce energy intensity. As a consequence, within
this subset of scenarios, rates of economic development
alone are not a strong determinant of the size of the elec-
tricity market.

e The scenarios also exhibit a wide range of estimates for the
future level of electrification in Europe, which is important
forthe size of the electricity market. This divergence depends
to a large extent on the assumptions built in to the sce-
narios regarding success of electric mobility and the large-
scale electrification of industry and buildings that lead to
electrification levels above 40%.

Whether nuclear is successful in the electricity market in the
scenarios depends on a second set of assumptions determin-
ing the relative competitiveness, availability and acceptabil-
ity of nuclear:

¢ Nuclear generation is assumed to be relatively cost-effec-
tive in all reviewed studies. Realising these cheap costs is
likely very important for achieving the projected levels of
deployment, requiring success in controlling capital ex-
penditure costs, and realising long operating lifetimes and
high load factors.

e Politically imposed limits on deployment play a large role
in constraining nuclear in all scenarios (with the possible
exception of WEC Lion). Moreover, sensitivity analyses
presented in the scenario reports suggest that these con-
straints come into play before competition from other
low-carbon energy sources (renewables, combined heat
and power (CHP), or carbon capture and storage) has a

significant impact under the technologies assumptions
applied in the scenarios.

e Climate policy is also important for the deployment of
nuclear. Without strong climate policy, coal-fired genera-
tion can displace nuclear when coal prices are low.

Summary

What do the findings tell us about the future of nuclear en-
ergy? They provide some insights concerning the conditions
most likely to support the nuclear energy option: increasing
electrification; the realisation of cheap generation costs;
stringent climate policy; and, critically, a high level of po-
litical support.

Importantly, the selected scenarios only illustrate a limited
number of possible future trajectories for the European en-
ergy system, and other scenarios are possible. More informa-
tion is available in a forthcoming PSI Report and in [6].
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Dynamic operator-plant simulation

Vinh N. Dang, Davide Mercurio*

Laboratory for Energy Systems Analysis (LEA), PSl; *Now at BKW FMB Energie AG, Switzerland

The aim of the safety analysis of nuclear power plants is to determine whether plant systems and planned per-

sonnel responses would adequately maintain safety during a spectrum of postulated emergencies, ranging from

Loss-of-Coolant-Accidents (LOCAs) to earthquakes. Combining a plant model with a plant operator model in a

joint simulation enables a systematic analysis to be made of how the plant response, automatic systems, and

operator response, can interact during accident sequences. Such a model is able to predict a variety of perfor-

mance parameters for operator action, and enables the effectiveness of different responses to be evaluated.

In the safety analyses of nuclear power plants, many accident
scenarios need to be examined, given the ways in which
equipment may fail to perform as required, and operator
action be deemed to be inadequate. Probabilistic Safety
Analysis (PSA) aims to quantify the probabilities of different
failure scenarios. The results of a PSA analysis include quan-
tification of the likelihood of undesired incidents occurring,
insight into potential response weaknesses, and identifica-
tion of possible safety-improvement measures.

Within a PSA, plant behaviour during an accident, and the
outcomes of the various scenarios, are evaluated using plant
simulation models. The evolution and outcome of accident
scenarios result from a combination of the dynamic interac-
tions of plant behaviour and the accompanying equipment
and operator responses. To analyse a broad range of accident
scenarios involving such interactions, a joint simulation is
required, combining a plant simulation model with an oper-
ator-response model, determining what actions the operator
may take, and when.

Simulating operator response

Afirst approach to simulating operator response is to define
a series of tasks to be performed, and the time required for
each task. Since the necessary operator action will depend
on the particular accident scenario, and how it evolves, this
type of model is limited, its main emphasis being on the
time-response aspect only. The time to perform specific tasks
may vary in different circumstances: for instance, extra time
may be needed to assess whether or not a particular system
is functioning correctly. Concerning the series of tasks, it may

turn out that additional tasks are required, or that some tasks
may not be needed at all. Determining the actions that op-
erators are likely to perform in a given situation requires a
different approach.

The required response of the personnel to (postulated)
emergenciesis planned in advance, in detail, and is subject
to thorough analysis and review. These plans are the plant’s
emergency operating procedures, which are practised by the
operators during simulator training. As a result, the operators
are able to assess and respond to most scenarios without
the need for fundamental analysis of specific situations.
Consequently, the operator model in this approach [1,2]
dynamically generates operator action by interpreting the
procedures they follow, in combination with a small set of
rules for selecting response strategies or specific actions.
These rules reflect training and experience, and circumvent
the need for developing a detailed model of the operators’
knowledge, and of their cognitive processes for situation
assessment and response planning. The simulation model
is complemented by a physical and thermal-hydraulic mod-
el of the plant — in many cases, the RELAP5 transient and
accident analysis code [3] is employed.

Operator response in a Loss of Coolant
Accident (LOCA)

The application of an operator-plant response simulation to
the analysis of a LOCA scenario in a Pressurised Water Reac-
tor (PWR) is presented here by way of illustration. In a Small-
Break LOCA (SB-LOCA) - i.e. one in which a small leak is
postulated in the Reactor Coolant System (RCS), the primary
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Figure 1: Pressure response during an SB-LOCA with operator
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Figure 3: Margin to saturation conditions.

loops which remove heat from the core to generate steam in
the steam generators of the secondary loop. In this scenario,
the primary pressure remains relatively high at first, and the
high-pressure Emergency Core-Cooling (ECC) systems actuate
automatically to inject waterinto the primary loop, to replace
the coolant lost through the leak and maintain the coolant
inventory in the core. Next, the operators reduce the RCS
temperature and pressure in order to achieve low-pressure
conditions, and a stable, safe state for the core. In this pro-
cess of cool-down and depressurisation, the operators must
maintain feedwater supply to the steam generators, monitor
the rate of cool-down, and control the water level in the RCS.
As shown in Fig. 1, the operators eventually need to shut off
the high-pressure injection (HPI) pumps: this is done progres-
sively. The time needed to reach a low-pressure condition is

one of the important parameters in the safety analysis.

The RCS pressure and subcooling margin are shown for a set
of responses in Figs. 2 and 3. The operators can influence
the time to reduce pressure to 20 bar, the condition for low-
pressure injection (Fig. 2), through the time over which they
execute the depressurisation procedure, as well as through
the strategies they follow to cool down the core, ultimately
control the pressure level, and the shut-off of the high-
pressure injection pumps. For instance, more frequent and
shorter actuation of the pressuriser spray (used to increase
the coolant level in the core) can be simulated, as well as
longer, more extended, spray operation. Results of such
analyses indicate that the conditions under which low-
pressure conditions tend to be reached the earliest (shown
in red in Fig. 2) increase the risk of having saturation (i.e.
boiling) conditions in the RCS. These analyses suggest that
restarting the HPl pumps to avoid boiling conditions can be
a cause of delay in the completion of depressurisation.

Outlook

Operator-plant simulation models have become a useful tool
for Human Reliability Analysis (HRA), which deals with the
assessment of the human contribution to plant safety. The
models provide deeper understanding of the human perfor-
mance component and its dynamics: that is, response to
available indicators, the procedures and training needed to
support decision-making and performance, and the feedback
indicators from the plant. While nuclear power plant (NPP)
training simulators offer the best possibility for observing
the responses of operators to emergency conditions in a
highly realistic environment, simulation analysis can offer
additional insights, by considering the many possible vari-
ants to the scenarios, and the consequences of diversity in
operator response.
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Laboratory for
Nuclear Materials (LNM)

4 Simulation of the mechanical

behaviour of an oxide-dis-
persion, strengthened steel -
acandidate structural
material for Gen-IV systems —
inatensile test with a
micron-sized specimen by
the Discrete Dislocation
Modelling (DDM) technique.
The oxide particles (spheres)
act as obstacles for the
movement of individual
dislocations (lines), thereby
increasing the stress required

to induce plastic deformation.

LNM addresses material-related, scientificissues in regard to safety, life-time (extension),
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 than current Gen Il reactors, and will be subject to a more intense radiation
environment. Mechanistic models are being developed for the prediction of material be-
haviour, 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 and other structural materials), and the development of associ-
ated theoretical models. In particular, investigations of fuel damage, and identification
of possible causes of failure, are 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 the evaluation of
advanced, non-destructive techniques for the early detection of fatigue, the initiation of
stress corrosion cracking, and characterisation of the actual degree of embrittlement in
reactor components.
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In-situ irradiation set-up installed at the cyclotron

site of CEMHTI/CNRS

J. Chen, P. Jung, T. Rebac, P. Magnusson, W. Hoffelner, Laboratory for Nuclear Materials, PSI
T. Sauvage, M.F. Barthe, CEMHTI/CNRS, Orleans, France

To support the development of high performance materials for advanced reactors, the PSl in-situ creep device,

originally developed by the Research Centre Jiilich (FZJ), and following a maintenance and update operation,
was shipped to CNRS/CEMHTI during 2010. To expedite the installation and operation of the device, the target
room at CNRS/CEMHTI had to be modified, and a new beam scanning system added. The present report briefly

describes the beam parameters delivered by the cyclotrons, and the characteristics of the in-situ irradiation

set-up. For illustration purposes, two application examples are also given.

The need to ensure a sustainable energy supply, with low
emission of Green House Gases (GHGs), has re-stimulated
the study of advanced nuclear reactor technologies. Several
concepts for future nuclear fission plants have been proposed
within the framework of the international Generation IV Ini-
tiative Forum (GIF) and the Sustainable Nuclear Energy
Technology Platform (SNE-TP). Among the various reactor
technologies being put forward for evaluation are the Very
High Temperature Reactor (VHTR) and different Fast Reactor
(FR) concepts.

In contrast to current Light Water Reactors (LWRs), the VHTRs
and FRs would operate under much more extreme conditions:
at high temperatures, at high mechanical stress levels, and
with the risk of high irradiation doses to plant operators.
Realisation of these advanced nuclear plants depends criti-
cally on the development of new high-performance materials.
Basic understanding of material behaviour, in which param-
eters such as temperature, dose rate and applied specimen
load can be well controlled, is at present incomplete, due to
the lack of suitable high-flux, fast-neutron sources and high-
energy, light-ion simulation experiments.

Experimental Set-Up

The in-situ irradiation facility was originally constructed in
the late 1970s at the Institute of Solid State Research at FZ)
Julich [1] with the aim to irradiate/implant metallic and ce-
ramic specimens using light ions (hydrogen and helium
isotopes from a compact cyclotron) under uniaxial mechan-
ical load conditions and elevated temperatures. As a result
of the energeticions first passing through a magnet scanning

system and degraderwheel, the specimen can be homogene-
ously irradiated orimplanted with continuous monitoring of
the sample length and resistivity. A sketch of the facility is
given in Figure 1.

The in-situ device was installed at the end of one of the cy-
clotron beam-lines at CEMHTI/CNRS in Orleans, France fol-
lowing a maintenance and update period at PSI. The target
room was modified appropriately: in particular, to allow easy
exchange of specimens by lifting the upper lid. In addition,
the beam line was modified by adding new scanning dipoles
to allow homogeous implantation/irradiation to be scanned
by the beam over a large specimen area, and at high fre-
quency.

The particles delivered by the cyclotron are listed in Table 1;
these include H*, Hy*, D*, 3He** and “He**, with energies up
to 50 MeV. Those particles with a penetration range of
100-500 pm in most metals and alloys could be used for

Figure 1: Schematic view of the experiment set-up.
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lons Energy (MeV) Maximum Intensity (LA)
p 5-38 40

Ha* 5-25 40
D* 5-25 40
o 10-50 30

Hes 10-50 15

Table 1: The main parameters of the cyclotron beam at CEMHTI/
CNRS

homogenous implantation and/or irradiation of foil speci-
mens. Using sub-millimetre samples, irradiation effects on
the micro-structural and mechanical properties of the mate-
rial could be studied with relevance to their bulk properties.
The most interesting applications refer to irradiation creep,
helium-embrittlement, and the stresses resulting from mate-
rial swelling.

Applications

Irradiation creep observed at temperatures far below the
typical thermal creep regime is an important consideration
in regard to the fuel cladding in fast reactors. In most cases,
the irradiation-creep strain rate € is proportional to the ir-
radiation displacement damage rate K, and to the stress o
(at least for low-to-medium applied stresses). That is:
£=B-0-K

Strain rates determined from irradiation creep curves all
showed a steady-state creep behaviour similar to thermal
creep. The irradiation creep data from the present He- and
H-implantations [2], and from previous proton and neutron
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Figure 2: Comparison of irradiation creep compliance Bo as a
function of irradiation temperature T. The large black and
grey-filled symbols indicate light-ion irradiations before and
after damage efficiency correction, respectively: He-implanted
ODS PM2000 (®,®) and 19Cr-ODS (A, A), p-irradiated ODS
Ni-20Cr-1ThO2 (m,m), p-irradiated martensitic DIN1.4914 (¢,9).
The small symbols indicate neutron irradiations to doses below
25 dpa (filled symbols) and above 25 dpa (empty symbols): ODS
MAO957 (v,v), HT9 (m,0O), HT9 (®), F82H (A), Fe-16Cr ().
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Figure 3: Creep time-to-rupture for samples at 800°C and 200 MPa
implanted at up to 1333 appm He.

irradiation of ferritic/martensitic and ODS steels, are com-
pared in Figure 2. Strains and stresses in pressurised tubes
in reactor experiments are effective values obtained from the
Soederberg formalism [3]. After damage efficiency correction,
itis seen that the compliances from neutron irradiations are
only 2-3 times lower than those from light ions. This differ-
ence may be ascribed to two factors. First, various creep
experiments performed in reactors have shown that creep
rates decrease by factors of the order of 2 (or even above 5)
dpa. This means that the present light-ion creep strains (at
doses far below 1 dpa) may not be completely stationary.
Second, all neutron data in Figure 2 are obtained for pres-
surised tubes: i.e. from tri-axially stressed samples, in con-
trast to the uniaxial stress state for the light-ion irradiations.
There are some indications that irradiation creep rates in
pressurised tubes may be slightly lower than those observed
foruniaxial loading. Therefore, it can be concluded that light-
ion irradiation gives similar irradiation creep compliance as
in the case of neutrons.

At high temperatures, helium reduces the creep lifetimes of
some materials by several orders of magnitude, a phenom-
enon known as high-temperature helium embrittlement.
Thus, the role of He effects on creep properties is a very
important issue in assessing the benefits of utilisation of
such materials in nuclear environments.

Figure 3 shows the time-to-rupture for TiAl alloy samples
implanted over the range 0 to 1333 appm He. A clear loss in
time-to-rupture is seen between the samples implanted with
6.9 and 12.7 appm He, as a result of the strong loss in ductil-
ity at fracture, indicating helium embrittlement [4].
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Plutonium characterisation in mixed-oxide nuclear
fuel by synchrotron radiation

Claude Degueldre, Cedric Cozzo, Goutam Kuri, Johannes Bertsch

Laboratory for Nuclear Materials, PSI

Mixed-oxide (MOX) fuels are currently being used in many reactors. As a consequence of the fission reactions

taking place and the heat generated inside the fuel, chemical and structural changes occur which influence

fuel performance and safety. The chemical and structural changes occurring in MOX fuel are studied at an atom-

istic level using synchrotron radiation from the Swiss Light Source (SLS) facility at PSI. The techniques employed

will also be applied to the new types of commercial nuclear fuels to be used in Swiss nuclear power plants.

Plutonium-uranium mixed oxide (MOX) fuels are commonly
used in many commercial nuclear power plants around the
world. In Switzerland, MOX fuel has been used in the Beznau
reactor (KKB), and, more recently, also in the Goesgen reac-
tor (KKG). The use of MOX fuel helps to make fuel utilisation
more efficient. With an increasing number of fission reactions,
the chemistry in the nuclear fuel changes as a result of the
production of fission products and minor actinides. Under
high burn-up conditions, the actinides (U, Np, Pu, Am and
Cm) in the fuel matrix undergo redox changes, which could
make them more labile, as in the (hypothetical) case of
water contact in a geological repository. For this reason, an
atomic-level understanding of the actinide-based redox spe-
cies is crucial, especially for MOX fuel.

The safety of fuel in its spent form, i.e. after its use in the
reactor, is an ongoing commitment at PSI. In the present study,
irradiated fuel was examined using X-ray fluorescence (XRF)
and absorption fine-structure (XAFS) spectroscopy in the
microXAS beam-line at SLS. The study was carried out to as-
sess the redox stages of Pu (and thus its potential water
solubility) in MOX fuels, as reported earlier [1], but also after
irradiation [2]. The relevant charge distribution, local structure
and speciation had already been investigated using XAFS [3],
and the valence states of actinides examined by a combina-
tion of theoretical chemistry and data from XAFS experiments.
These studies completed the XAFS background needed for
the interpretation of the Pu atomic environment in MOX fuel.

Experiments

Inthe 1980s, MOX sphere-pac fuel had been produced in the
Hotlab at PSI by a special process specifically developed

internally at PSI. The fuel fabricated was homogeneous MOX,
obtained by internal gelation and microsphere formation [2].
The MOX sphere-pac fuel segments prepared were then
transferred to the Swiss Pressurised Water Reactor (PWR)
Beznau-1 for irradiation. The fuel was then utilized through
six reactor cycles, reaching a burn-up of 60 MWd/kg of fissile
metal, corresponding to 6% Fission per Initial (heavy) Metal
Atom (FIMA). Compared with conventional fuel in Swiss
power plants, this level of burn-up is considered to be rela-
tively high.

The more-recent synchrotron-based XRF and XAFS investiga-
tions have been performed at the microXAS beam line of SLS.
It is worth noting that the use of radioactive material at the
beamline is subject to stringent activity limits, with the con-
sequence that only very small test specimens can be examined.
Sample preparation was somewhat of a challenge, with
specimens made by means of a replicate technique.

This involved applying a piece of adhesive Kapton tape to
obtain a kind of ‘fingerprint’ of the fuel surface. It was pos-
sible to collect fuel particles from different positions overthe
fuel cross-section: from the centre of the fuelto its periphery,
orrim, which is subject to higher burn-up. The X-ray data from
the samples were collected at room temperature by monitor-
ing the fluorescence emission using an Si solid-state fluo-
rescence detector. The subsequent XAFS procedure focused
on the Ly-edge absorption line, with energy calibration carried
out for U and Pu using a Zr film, measured in transmission.

Results and outlook

Samples were first analysed in fluorescence mode using XRF
(Figure 1) prior to XAFS examination of specific spots.
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Figure 1: Fluorescence spectrum of the irradiated MOX sample. Figure 3: Plutonium L;; XAFS spectra calculated for the MOX solid

Positions (3), (6) and (7) are indicated for Th, Am and Cm,
respectively, but with signals too low to be detected.

solution.

in Figure 3. The smaller Pu(V)-0 distance makes the Pu white

e s . ; line somewhat less distinct, and shifted towards higher
"'; 2.0 A 4 energy (though still below the energy resolution level).
= _m: The results for Pu confirm that, with the given detection
E limit, irradiation-induced detrimental speciation changes
L 12 —i.e. those affecting Pu water solubility — are not expected.
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g 0.4 —— lbrradiated center | Swissnuclear, and other partners, has been launched for the
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Figure 2: Plutonium Ly XAFS spectra for the non-irradiated and
irradiated MOX fuel in the centre and rim zones. References
[1 P. Martin etal., J. Alloys Compounds 444, 410-414
(2007).

[2] C. Degueldre etal., ). Nucl. Mater, in press (2011).
[3] St.D. Conradson, etal., J. Solid State Chem., 178,

521-535 (2005).

The environment of U and Pu can be influenced by the pres-
ence of fission products. However, for the given burn-up, the
concentration of individual fission products does not reach
1at.%, and should thus not a priori significantly affect the U
or Pu XAFS data. For the plutonium Ly-edge, the £, was stable
at 18062 = 2 eV for all relevant cases; i.e. for the non-irradi-
ated and irradiated samples at the rim and centre zones
(Figure 2).
Comparison of the white-line factor for Pu in the non-irradi-
ated and irradiated MOX samples reveals that the Pu remain-
ing in the irradiated sample consisted of more than 95%
Pu(lV), but no (i.e. less than 5%) Pu(V) or Pu(VI) could be
detected, though the fuel did undergo slight oxidation in the
rim zone.
This slight oxidation may have been buffered by the UO;
matrix. The spectrum may be calculated using FEFF 8.4 for a
clusterinvolving 247 atoms (82 U, 5 Pu, 160 0), as displayed
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Numerical simulation of stresses and micro-cracks
In anisotropic polycrystals using XFEM

Elie Chahine, Markus Niffenegger, Laboratory for Nuclear Materials, PSI

Crack formation due to cyclic thermal shocks and/or thermal fatigue is of primary concern in the safety of

nuclear power plants. It has been observed that under such loadings micro-cracks are initiated, either at the

surface or inside the bulk material, depending on its micro-structure. The present study aims to understand

the effect of material anisotropy at the microscopic scale on the resulting stress distribution. Use is also made

of the eXtended Finite Element Method (XFEM) to calculate micro-crack formation.

Within the PLiM project [1], investigations are being con-
ducted into the initiation and growth of cracks which may
occur in the steel piping networks of nuclear power plants
under cyclic thermal loading. The cracks occur on the inner
surface of the pipes, and often result from turbulent mixing
of hot and cold coolant streams.

Experiments indicate that fracture mechanics models based
on continuum mechanics need to be refined in order to take
into account the micro-structure of polycrystals [2,3]. Thus,
increased attention is being paid to the stresses induced at
the microscopic scale, to the anisotropic nature of the struc-
tural material, and to the influence of grain orientation and
size.

In this work, crack growth is estimated using the eXtended
Finite Element Method, or XFEM [4], recently implemented
in the Abaqus code [5]. Using this approach, crack growth
may be calculated without the need to modify the mesh as
the crack grows. Analyses of two loading conditions of the
same micro-structure of stainless steel AISI 321 are pre-
sented as illustration.

Problem description

A 2D representation of the structure is considered [6]. The
grain shapes and sizes adopted for this study are shown in
Fig. 1. The orthotropic thermal expansion coefficients and
elastic constants are transformed to the given grain orienta-
tion,and assignedto each grain accordingto: Ciy=C=C33=223,
Ci2=C13=Cx3=132 and C4,=Cs5=Ce6=116; all units being ex-
pressed in GPa.

Stress distribution due to thermal loading

The model is assumed to have free boundaries, and to be
heated uniformly from 20°Cto 200°C. Figure 2 shows the von
Mises stress distribution over the deformed structure. Increas-
ing the temperature results in the stress concentrations
appearing mainly at the grain boundaries — a consequence
of the anisotropic material properties of the grains. The free
boundary assumption implies that internal stresses would
not exist if the grains had the same orientation, or the mate-
rial was isotropic.

Figure 1: 2D polycrystal model: arrows indicate the orientations
of the elastic properties of the grains.

Figure 2: Von Mises stress distribution (in MPa) as a consequence
of pure thermal loading.
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Figure 3 shows the von Mises, maximum principal and shear
stress variations along a horizontal line crossing several
grains. The discontinuous change in the stress field at the
grain boundaries is readily seen, the stress profiles within
the grains remaining smooth.

Effects due to grain orientation and size

In order to study the effect of grain orientation on the stress
field, eight other orientations were assigned to the same
granular structure. Figure 4 shows the change in the maximum
von Mises, principal and shear stresses for each of the ori-
entations considered. Note that the maximum stress can
increase by a factor two as a result of changes in grain ori-
entation. The location of the maximum stress also changes.
To analyse the influence of grain size on the predicted stress
levels, the 26 grains considered earlier were further parti-
tioned, resulting in 138 smaller grains, each with a different
orientation. The corresponding stress field is displayed in
Fig. 5. The maximum local von Mises stress is 673 MPa, while
higher values (up to 1003 MPa) had been obtained for the
larger grain sizes (Fig. 2).

Considering the maximum principal stress criterion for crack
initiation and propagation, an XFEM calculation was per-
formed to study the cracking mechanism within the granular

Figure 6: Maximum
principal stresses [MPa]
and crack growth for
combined thermal and
(uniaxial) mechanical
loading, as predicted
using XFEM.
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structure. Here, a uniaxial vertical force was applied (red
arrows in Fig. 6) in addition to the thermal loading. In this
case, two transgranular cracks can be seen to initiate at the
grain boundaries (denoted by GB in Fig. 6), but then grow
inside the grains and not along the grain boundaries them-
selves. However, both cracks nucleate at the two critical
stress concentration locations previously identified.

Conclusions

By considering the anisotropic micro-structure of the test
material, it has been shown that pure thermal loading can
lead to internal stresses, even for the case when no external
constraints exist. The influence of grain orientation and size
on local stress levels is also a consideration, with smaller
grain representations leading to a reduction in the predicted
maximum stress levels. Within the XFEM methodology, crack
initiation and growth are calculated using the maximum
principal stress criterion determined experimentally. Future
models will be based on measured grain sizes and orienta-
tion, together with their distribution. Ultimately, this should
enable crack initiation probabilities to be estimated.
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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
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:

* AHL offers Hot Lab users modern analytical tools for the manipulation and investigation
of radioactive materials. In particular, the laboratory is very well equipped to carry out
structural and chemical analyses of materials used in Nuclear Power Plants (NPPs) and
PSI’s accelerator facilities.

* 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.

« 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.

* AHL continues to benefit directly from its very competent and experienced staff, and
successfully develops new analysis methods, supplys the necessary 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.

<« Details of the SIMS (Secondary
lon Mass Spectrometry)
installation representing the
manifold state-of-the-art
instrumentation infrastructure
of the Hot Lab at PSI.
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Determination of the instant release fraction of
spent LWR fuel at elevated burn-up

Ines Giinther-Leopold, Judith Kobler Waldis, Hans-Peter Linder, Hot Laboratory Division, PSI

Lawrence Johnson, NAGRA, Wettingen, Switzerland

Safety studies of the long-term disposal of radioactive waste in deep geological structures require information

regarding gap and grain-boundary inventories of the radionuclides in the spent fuel. These inventories deter-

mine the “instant-release fraction”, i.e. the part of the inventory available for fast release once the spent fuel

comes into contact with groundwater. In the framework of the Gap Inventory project between NAGRA and PSI,

measurements of the rapid release of “C, *’Cs, '?°l and 7°Se have been performed for a number of U0, and MOX

fuel samples with burn-up levels exceeding 60 GWd/t U.

Assessment of the safety of the disposal procedures for spent
nuclear fuel in underground repositories requires definitive
information regarding the mechanisms and rates of release
of the various radionuclides present in the fuel. Previous
studies [1-3] have shown that release of radionuclides from
spent fuel pellets is controlled by two processes: the slow
dissolution of the UO; grains; and the rapid release of some
elements, such as Cs, | and Cl, which occurs in the first weeks
to months of contact with an aqueous solution. This instant-
release fraction (IRF) is of particular interest in geological
disposal of spent fuel, because some of the preferentially
released radionuclides (e.g. I, 35Cl) are both long-lived and
geochemically mobile. During recent years, there has been
a worldwide trend towards increasing fuel burn-up, which
means that the present database (of fuel burn-ups of 20-50
GWd/t) on the IRF of fission products is no longer appropriate
for the safety analysis of future repositories. As a conse-
quence, the Gap Inventory project has been initiated between
NAGRA and PSI, which aims to determine IRF values for high
burn-up fuels (> 60 GWd/t U), and to investigate correlations
between the IRF of some fission products and the in-reactor
release (FGR).

Experiments

Several well-characterized PWR and BWR UO, or MOX fuel
samples from the Swiss Nuclear Power Plants (NPPs), each
of length 20 mm, have been leached in glass columns with
28 mM borate buffer (of pH value 8.5) for up to 100 days at
room temperature, each containing 20 ppm Nal as iodine
carrier. The experimental set-up within the shielded dissolu-

tion box is shown in Fig. 1. In order to investigate if the fuel
surface available for attack by the leaching agent has a sig-
nificantimpact on the leach rate itself, a number of samples
were divided into two batches: in some, cuts were made in
the cladding, the fuel pellet was broken, whereas the other
samples were kept intact (Fig. 1). In order to investigate the
leaching behaviour of the rim zone of the pellet in more
detail, the inner part of one fuel pellet was removed me-
chanically by drilling, leaving only an outer fuel ring about 1
mm thick.

The FGR of the fuel rods selected for the Gap Inventory project
had been determined earlier in the framework of other post-
irradiation examination (PIE) projects, and were provided as
valuable comparison data by the Swiss NPPs.

The leaching kinetics of several nuclides with long radioactive
half-lives were measured in the leach solutions using differ-
enttechniques: liquid scintillation (*C); inductively coupled
plasma mass spectrometry, ICP-MS ("°Se,™>Cs); and gamma

Figure 1: Experimental set-up for leach experiments
(picture taken before the start of the experiments).
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Figure 2: Experimental set-up
for 14C extraction.
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Figure 3: Cumulative release of 13’Cs as percentages of the initial
inventory.

spectrometry ('?°,7Cs). The uranium content in the leach
solutions was also measured using ICP-MS, to determine the
dissolution rates of the spent fuel samples. The experimen-
tal set-up used for the extraction of "C from the leach solu-
tions is shown in Fig. 2.

Results

The cumulative release of *’Cs as a percentage of the initial
inventory [4] for the various fuel samples is shown in Fig. 3.
Releases from the MOX samples are highest, followed by those
from the PWR UO; fuel samples. In both cases, the integrated
release levels off at the end of the 100-day test period. Re-
leases from the BWR UO, samples are the lowest, but show
no indication of levelling off. The rim sample has slightly
higher fractional release than that of both the intact segment
and the samples from the same fuel rod cut into two.

Typically, in the case of ?°I, the leach solutions of all BWR
samples had concentrations close to the detection limits,
whereas for the PWR samples the release rates were in the
range of 4-10% of the initial inventory. Based on the measured

uranium concentrations in the leach solutions, it was calcu-
lated that the contribution of matrix dissolution to the release
of Cs and | was less than about 0.01%, and thus negligible.
The 7?Se concentrations in all leach solutions were below the
detection limit of the ICP-MS equipment (around 0.5 ng/g of
solution). Therefore, the leach fraction for 7Se can be esti-
mated to be less than 0.22% for the fuel samples investi-
gated in this study.

The ™C concentrations for all the BWR samples investigated
were very close to ‘blank levels’ (i.e. about 80 Bq), and could
therefore not be quantified. For the PWR samples, results
indicate a slightly higher release of “C (per g of fuel) for the
MOX samples compared to UO, fuel. Differences between
the “C extracted from the fuel matrix and that from the clad-
ding cannot be distinguished with the present experimental
set-up, and remains a subject for investigation in detail in
future studies.

Discussion

The data from the various high burn-up fuels investigated
are broadly consistent with the study of Johnson et al. [2] in
regard to comparisons between FGR and IRF. In most cases,
29| releases are of the same order as, or somewhat less than,
those for FGR, while ®7Cs releases are significantly lower [5].
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On-line monitoring of the thermal release of fission
products from nuclear fuel using ICP-MS

Natalia Shcherbina, Niko Kivel, Ines Giinther-Leopold, Hot Laboratory Division, PSI

An inductive vaporization (InVap) device has been designed in the Hot Laboratory to fulfil requirements to

define advanced reprocessing concepts for irradiated nuclear fuel at high temperatures. With this set-up, it is

possible to heat irradiated fuel samples up to 2300°C, thereby inducing the release of fission products (FPs).

Using the InVap device in combination with an Inductively Coupled Plasma Mass Spectrometry (ICP-MS) system

enables the kinetics of FP release at specific temperatures and redox conditions to be monitored online. Theo-

retical modelling in support of the experimental work is also being undertaken.

Reprocessing of irradiated fuel has been the subject of in-
tense investigation over the past two decades. Activities are
primarily motivated by the growing interest in fast breeder
reactor (FBR) technology, and the new fuels materials required
for Gen IV reactors, both based on the assumption of a closed
nuclear fuel cycle. One of the practical problems associated
with reprocessing is that U, Pu and minor actinides (MAs)
must be recovered completely, totally separated from the
fission products (FPs). Their accumulation during reactor
operation is also a critical issue from the point of view of
fuel economy and recycling. FPs generally have a negative
impact, since they degrade the mechanical and thermo-
physical properties of irradiated fuel, and act as a poison
due to their relatively large neutron cross-sections.

Experimental Procedures

In collaboration with a number of other laboratories in Europe,
the Hot Lab at PSI performs studies of so-called ‘head-end’
steps in reprocessing technology. Two main strategies for re-
processing are pursued internationally, with U, Pu, MAs and
FPs being separated either by aqueous or pyro-chemical tech-
nigues. In the aqueous reprocessing concept, the fuel is first
dissolved in nitric acid and then, through a number of liquid-
liquid extraction steps, separation of U and Pu (PUREX) [1], MAs
and FPs (TRUEX, TALSPEAK, GANEX) is achieved [2,3]. In contrast,
with the pyro-chemical reprocessing technique, the irradiated
fuelis first dissolved in a molten salt solution, and the separa-
tion is then performed electro-chemically [4]. An alternative
way of achieving FP separation is by voloxidation [5].

The activities of the Hot Lab in the general framework of the
HERACLES project (head-end reprocessing studies by thermal
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and thermo-chemical treatment of fuels) are focused on
advanced reprocessing concepts aimed at removing FPs by
thermal treatment prior to fuel dissolution. FP removal can
be beneficial to both the aqueous and pyro-chemical ap-
proaches in that it simplifies the reprocessing procedure.

The mainidea is based on the chemical and physical proper-
ties of the FPs, these being either volatile (Cs, Rb) or semi-
volatile (Sr, Sb). In order to separate them from U and Pu, a
thermal treatmentis applied using the InVap device designed
at PSI [6], consisting of a quartz tube closed at both ends by
water-cooled, aluminium lids (Fig. 1). The sample is placed
ina carbon crucible placed on top of a ceramic insulator, and
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Figure 2: Release of FPs from irradiated uranium oxide fuel
(burn-up 3.8%) measured using ICP-MS.

surrounded by an induction coil connected to a high-frequen-
cy generator to induce heating up to 2300°C. The carrier gas
(Ar, Ar+H,, Ar+CO,) is introduced at the base of the InVap
device (labelled in Fig. 1), and transports the FPs released at
a specific temperature to the detection system (ICP-MS). The
different compositions are used to examine the fuel samples
under precise redox conditions; the heating regimes being
controlled either manually or automatically. Thus, coupling
of the InVap device to an ICP-MS system enables online
monitoring of the kinetics of the FP release to be achieved
overawide mass range under controlled, dynamic conditions.
The InVap device has been in operation since 2009, and
successfully tested on a number of inactive samples (i.e. on
materials simulating irradiated fuel) as well as on active (ir-
radiated) fuel samples. As an example, Fig. 2 shows the re-
lease profiles of FPs from irradiated uranium oxide fuel with
a burn-up of 3.8% fissions per initial metal atom (FIMA).
Though FPs are known to accumulate in different amounts
during reactor operation, here, forillustration, the transient
signals have been normalized to the maximum of the cor-
responding FPs released during the entire experiment.

The experiments have increased understanding of the FP
release mechanisms. As seen in Fig. 2, the release of differ-
ent FPs begins at different times, and thus at different tem-
peratures. Thermodynamically, the release of FPs into the
gas phase is determined by their speciation in the solid
phase. Consequently, one may expect release of | earlier than
either Sror Cs.

However, the formation of ‘open porosity’ in the fuel during
reactor operation introduces another factor, which can be
assumed to be a limiting step in the release process. In order
to be released from the fuel matrix, the FPs first need to dif-
fuse from the grain bulk to the grain boundaries. From there,
they are released into the open inner porosity region created
by the fission gases (Xe and Kr), and thence transported
outwards through the fuel channels. Diffusion and interfacial

reactions on the grain boundaries then define the kinetics
of the FP release, i.e. the release depends on the FP inven-
tory (irradiation history), their speciation, and the structure
of the irradiated fuel. Figure 2 shows that the release of FPs
such as|l, Cs, Baand Srbegins earlier than the thermal release
of U and Pu. Consequently, the separation of a number of
FPs from the fuel matrix (U and Pu oxides) in the InVap device
can be achieved by applying appropriate temperature and
redox conditions.

Future Improvements

So far, only qualitative analyses of the FP release using the
InVap device have been possible. The major limitation for
quantitative analysis of the FP release is the lack of an inter-
nal standard with a known concentration in the irradiated
fuel samples. To establish a semi-quantitative procedure,
further investigations are needed: e.g. the application of
isotope dilution.

Theoretical Studies

Theoretical modelling is also being carried out. The codes
utilized are the Gibbs Energy Minimization Selektor (GEMS)
program, developed at PSI [7], and the Module of Fission
Product Release (MFPR) program, developed at the Russian
Academy of Science in collaboration with IRSN, Cadarache.
Good agreement with the available literature data has been
obtained. Further, the kinetics of the release simulated using
MFPR agree with most of the profiles obtained using InVap.
Overall, good understanding of FP behaviour at elevated
temperatures in fuels has been achieved.
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SEM analysis of platinum deposits in a feed-water
line of a BWR using noble metal injection

Roland Briitsch
Hot Laboratory Division, PSI

In a Boiling Water Reactor (BWR), the water chemistry can be changed from normal to a reducing environment
by the injection of hydrogen. To lower the hydrogen injection rate, while the reactor is online and at full power,
platinum is added as a catalyst. A high flow resistance was noted at the two entry points into a feed-water line
of a Swiss BWR. Subsequent inspection revealed the presence of solid deposits, or plugs, in the lines. Samples
taken from the plugs were collected for detailed inspection in the Hot Laboratory at PSl using Scanning Electron
Microscopy (SEM). The analyses revealed showed that the deposits were mainly composed of platinum, but
with low concentrations of trace elements. The deposits are built up of very small particles (80 - 220 nm),

sometimes in well-organised structures.

The water chemistry in a Boiling Water Reactor (BWR) is
changed from normalto a reducing environment by the injec-
tion of hydrogen. Platinum is added as a catalyst to reduce
the hydrogen injection rate. However, it was noticed at a
Swiss BWR that in order to keep the injection rate constant,
the pressure in the injection lines had to be steadily in-
creased. As a consequence, the two entry points into the
feed-water line were inspected using an endoscope, and
solid deposits were found. The blockages (or plugs) were
broken from the inside, and pieces collected for detailed
analysis using Scanning Electron Microscopy (SEM) in the
Hot Laboratory at PSI.

Sample preparation and analysis

The material was prepared on an aluminium sample holder,
and fixed with a double-sided, glue-coated, conducting mount-
ing tape. To prevent charging occurring during the subsequent
analysis process, the material was further coated with a con-
ducting layer of carbon using an evaporation process.

In orderto obtain high-resolution pictures, two larger samples
were also broken to expose virgin surfaces: i.e. ones not
affected by the surface treatment. These surfaces were then
coated with a 15 nm layer of platinum by means of a sputter-
ing technique.

Sample analyses were performed using a SEM instrument
manufactured by Zeiss (DSM 962) and equipped with the
System SIX (from Noran Instruments) for the Energy Dispersive
X-ray Spectrometry (EDS) measurements.

Lo ¢

Figure 1: Virgin surface of a freshly broken sample at 30x
magnification.

Scanning Electron Microscopy (SEM)

Figure 1shows the freshly broken virgin surface of one of the
samples taken from the plug. Even at low magnification,
organised structures built from conglomerations of small
particles can be found (Fig. 2). At high magnification, crystal-
like structures can be observed (Fig. 3).

The sizes of the elementary particles were determined from
high-resolution SEM pictures (Fig. 4) using digital imaging
techniques: the sizes of the particles range from 80 nm up
to 220 nm. Larger particles are normally formed from subse-
quent agglomerations of such small particles.
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Figure 5: Typical EDS spectrum.

Energy Dispersive X-Ray Spectroscopy

In order to identify the main constituents of the plug mate-
rial, EDS analyses were performed. Area- and point-wise
analyses produced the same result: the deposits consist
mainly of platinum particles with low concentrations of some
trace elements, such as oxygen, aluminium, phosphorus and
those elements originating from the steel of the pipework,

namely iron, chromium, nickel and manganese.

Conclusions

SEM analysis of the structure and composition of the plugs
taken from the injection entry points of the feed-lines of an
operating BWR has revealed that they consist mainly of very
small particle conglomerations of platinum, sometimes in
highly organised structures, and with low concentrations of
trace elements resulting from the injection process itself,
though not from agglomerations of foreign materials.

Figure 3: Examples of well-organised structures of sub-micro- Basic material analyses conducted as a result of unexpected

scopic particle conglomerations at high magnification: x15000 operational conditions observed at Swiss power plants, as

(above), x30000 (below). illustrated here, and realised at the Hot Laboratory at PSI, do

not always lead to direct determination of the root cause of
the problem. However, the present study has identified the
different possibilities that can exist. Such information is in-
valuable in gaining further insights into more complex situ-
ations, and in better understanding of the phenomena. Ul-
timately, such in-depth analyses result in improved safety
and the economy of the plant.
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“Transport processes and coupling of transport
and chemistry”, International Training Course (ITC)
on Transport and Retention of Radionuclides in
Argillaceous and Fractured Media, Paul Scherrer
Institute, Villigen, Switzerland, 30 Nov. — 7 Dec.
2010

PRASSER H.-M.

“Allg. Merkmale der thermodynamischen Zyklen von
Kernanlagen”, “Elemente der Thermohydraulik”,
Swissnuclear-PSI Fortbildungskurs Kerntechnik.
Modul B: Thermodynamik, Thermohydraulik &
Sicherheit®, Paul Scherrer Institute, Villigen PSI,
Switzerland, 13 Jan. 2010

PRASSER H.-M.

“Thermohydraulik bei Transienten und
Kiihlmittelverluststorfallen”, Swissnuclear-

PSI Forthildungskurs Kerntechnik. Modul B:
Thermodynamik, Thermohydraulik & Sicherheit,
Paul Scherrer Institute, Villigen PSI, Switzerland,
16 Feb. 2010

PRASSER H.-M.

“Charakter und Arten von Storféllen der
Sicherheitsebene 3”, Swissnuclear-PSI
Fortbildungskurs Kerntechnik. Modul G: Sicherheit
und Risiko, Paul Scherrer Institute, Villigen PSI,
Switzerland, 8 March 2010

SEIFERT H.-P.

“Werkstoffalterung”, Swissnuclear-PSI
Fortbildungskurs Kerntechnik. Modul E: Nukleare
Werkstoffe und Wasserchemie, Paul Scherrer
Institute, Villigen PSI, Switzerland, 1 March 2010

SEIFERT H.-P., RITTER S., LEBER H.
“Werkstoffalterung im Primédrkreislauf von LWR —
aktuelle Risskorrosions-Forschungsaktivitaten aus
dem INTEGER-Programm”, SGK Herbstseminar,
Langzeitbetrieb von KKW: Ausgewdhlte Beitrage
zur Technik, Wirtschaftlichkeit und Aufsicht, Olten,
Switzerland, 30 Nov. 2010

SMITH, B.L.

“Introduction to Computational Fluid Dynamics”,
“Governing Equations, Turbulence Modelling and
Numerical Procedures”, “Identification of
Nuclear Reactor Safety Issues where Single-
Phase CFD can bring Real Benefits”, “Error
Control, Verification, Validation and Best Practice
Guidelines”, “Assessment Databases for Single-
Phase CFD Applications with Emphasis on
Nuclear Reactor Safety Issues”, Lectures given

at IAEA Regional Workshop on Application of
Computational Fluid Dynamics Codes to Nuclear
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Safety, University of Zagreb, Croatia, 22-25 March,
2010.

SMITH, B.L.

“Introduction to Computational Fluid Dynamics”,
“Governing Equations, Turbulence Modelling and
Numerical Procedures”, “Identification of Nuclear
Reactor Safety Issues where Single-Phase CFD can
bring Real Benefits”, “Error Control, Verification,
Validation and Best Practice Guidelines”,
“Assessment Databases for Single-Phase CFD
Applications with Emphasis on Nuclear Reactor
Safety Issues”, Lectures given at IAEA National
Workshop on the Use of Computational Fluid
Dynamics, Harbin Engineering University, China, 27-
30 Sept., 2010.

SUTER R.

“Thermohydraulik im Normalbetrieb von DWR
und SWR”, Swissnuclear-PSI Fortbildungskurs
Kerntechnik. Modul B: Thermodynamik,
Thermohydraulik & Sicherheit, Paul Scherrer
Institute, Villigen PSI, Switzerland, 18 Jan. 2010

ULbRY A.C.

“Modelling Fe-Cr alloys by first-principles
calculations and synchrotron X-ray measurements”,
Solid-State Physics Seminar, University of Zurich,
Switzerland, 5 May 2010

VAN LOON L.R.

“Diffusion and sorption of radionuclides in
argillaceous materials: practical aspects and
diffusion of radionuclides in argillaceous materials”,
International Training Course (ITC) on Transport

and Retention of Radionuclides in Argillaceous and
Fractured Media, Paul Scherrer Institute, Villigen,
Switzerland, 30 Nov. — 7 Dec. 2010

VENZ H!., BART G.

“Wasserchemie (DWR, SWR) und Korrosion”,
Swissnuclear-PSI Fortbildungskurs Kerntechnik.
Modul E: Nukleare Werkstoffe & Wasserchemie, Paul
Scherrer Institute, Villigen PSI, Switzerland, 23 Feb.
2010

1 KKB, Beznau, CH

ZIMMERMANN M.A.

“Advanced Topics in Nuclear Reactor Materials”,
Lecture given in the Nuclear Energy Master Program,
ETHZ, Zurich, Switzerland, Autumn Semester, 2010

Habilitation, Doctoral, Master and
Bachelor Theses

ADAMS R.

“Coupled Neutronic/Thermal-Hydraulic Simulation
of Selected Phénix End-of-Life Tests”, EPFL/ETHZ MS
Thesis, Sept. 2010

EPINEY A.

“Improvement of the Decay Heat Removal
Characteristics of the Generation IV Gas-Cooled Fast
Reactor”, Doctoral Thesis No. 4792, EPFL, Lausanne,
July 2010

FELICIANI C.

“Development of an isotope dilution technique for
the quantitative analysis of fission gases in nuclear
fuels“, Master Thesis “nuclear engineering”, EPFL/
ETHZ MS Thesis, April 2010

PITTARELLO R.

“Monte Carlo Analysis of the H.B. Robinson Il Reactor
Pressure Vessel Dosimetry Benchmark”, EPFL/ETHZ
MS Thesis, April 2010

PONT RiBAS A.

“Simulation of CABRI loss-of-flow experiments with
the TRACE/FRED codes”, EPFL/ETHZ MS Thesis,
March 2010

RAMESH M.

“Thermomechanical Fatigue Behavior of Austenitic
Stainless Tube and Pipe Steels under Light Water
Reactor Relevant Temperature Conditions and
Associated Microstructural Evolution”, Doctoral
Thesis No. 19137, ETHZ Zurich, Switzerland, June
2010

Rozov K.

“Stability and solubility of hydrotalcite-pyroaurite
solid solutions: synthesis, characterization and
thermo-dynamic modeling”, Doctoral Thesis No. 07-
106-321, University of Berne, Oct. 2010

SCHREIERT.

“Bau einer Thermoschockanlage”, Bachelor
Thesis, Fachhochschule Nordwestschweiz (FHNW),
Windisch, Switzerland, Aug. 2010

PSland Other Reports

BRADBURY M.H., BAEYENS B.

“Comparison of the reference Opalinus Clay and
MX-80 bentonite sorption databases used in the
Entsorgungsnachweis with sorption databases
predicted from sorption measurements on illite and
montmorillonite”, PSI-Bericht Nr. 10-09, Nagra NTB
09-07

BRADBURY M.H., BAEYENS B., THOENEN T.

“Sorption data bases for generic Swiss argillaceous,
crystalline and calcareous rock systems”, PSI-Bericht
Nr. 10-03, Nagra NTB 09-03

DREIERJ., SMITH B.L.
“NES Scientific Highlights 2009” (ISSN 1663-7380),
Paul Scherrer Institute, July 2009
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GUNTAYS.
“Implementation of Severe Accident Management
Measures (ISAMM 2009)”, PSI-Bericht Nr. 10-07

HERMANN A.
“Autoclave Corrosion of Zircaloy-4 Cladding Samples
in LiOH Solutions”, PSI-Bericht Nr. 10-02

TOTH I.1, PRIOR, R.2, SANDERVAG 0.3, UMMINGER K.4,
NAKAMURA H.>, MUELLNER N.6, CHERUBINI M.,

DEL NEvO A., D’AURIA F.6, DREIER J., ALONSO J.R.7,
AMRI A8

“Core Exit Temperature (CET) Effectiveness in
Accident Management of Nuclear Power Reactors”,
OECD Nuclear Energy Agency Report, CSNI/R(2010)9,
2010

1 AEKI, HU

AREVA-NP SAS, Paris, FR

SSM, SE

AREVA, Erlangen, DE

AEKI, HU

University of Pisa, IT

CSN, ES

OECD-NEA, FR

© N o v or W N

General Communications and Public Relations

CAVEDON J.-M.

“Evolution de la technologie nucléaire générations
[l et IV”, Séminaire romand de lancement de la
campagne nucléaire, economiesuisse, Lausanne,
Switzerland, 1 Sept. 2010

HARDEGGER P.

“Die Sicht der Forschung: Konfrontation mit der
Wirklichkeit”, Energie Nachrichten, Schweizerischer
Energierat, Sonderausgabe zum 215t World Energy
Congr. (ISSN 1660-6833), Montreal, Canada, 11-16
Sept. 2010

HARDEGGER P.

“Berichterstattung iber den Weltenergiekongress
WEC 2010 Montreal aus der Sicht der Forschung:
Traum und Wirklichkeit”, Generalversammlung
Energierat, Zurich, Switzerland, 25 Oct. 2010

HARDEGGER P.

“Berichterstattung vom Weltenergiekongress, WEC
2010 Montreal aus der Sicht der Forschung: Traum
und Wirklichkeit”, Podiumsdiskussion, Energy Science
Center, ETHZ, Zurich, Switzerland, 11 Nov. 2010

HARDEGGER P.
“CME/WEC 2010 Montréal: Vue de la Recherche,

Réve et Réalité”, Seminar Series, Energy Center,
EPFL, Lausanne, Switzerland, 16 Nov. 2010

PFINGSTEN W.
“Neue analytische Forschungsmethoden am PSI fiir

die sichere Tiefenlagerung radioaktiver Abfalle”,
SGK Apéro, Schweizerische Gesellschaft der
Kernfachleute, Baden, Switzerland, 7 Sept. 2010

Awards

ABOLHASSANI S.
“Corrosion”, Swissnuclear Project of the Year 2009,
Olten, Switzerland, 2 June 2010

CHENU A.
Best paper: Eur. Nuclear Conf. 2010 (4" ENEN PhD
Event 2010), Barcelona, Spain, 3-6 June 2010

FROIDEVALA.

Poster award (2" prize): “Towards new opportunities
in nuclear materials science and technology at

the proposed SwissFEL X-ray laser”, Eur. Materials
Research Society (E-MRS), Spring Meeting, 7-11 June
2010, Strasbourg, France, 2010

ORLOV A.

Poster Competiton Award: Nuclear Plant Chemistry
Conf. (NPC 2010), Quebec City, Canada, Oct. 3-7,
2010

Membership of External Committees

BERNER, U.

e Member of the International Scientific Committee
of the Migration Conference on Chemistry and
Migration Behaviour of Actinides and Fission
Products in the Geosphere

CAVEDON J.-M.

* Member of the KNS (Swiss Federal Nuclear Safety
Commission)

e Member of the Advisory Board of the French
Institut de Radioprotection et de Streté Nucléaire
IRSN

e Member of the Advisory Board of OECD/NEA/CSNI
(Committee on the Safety of Nucxlear Installations)

e Swiss representative to the Policy Group of the
Generation IV International Forum

e Member of the Board of the Swiss Nuclear Forum

CHAWLA R.

® Vice Chairman of the OECD/NEA Nuclear Science
Committee (NSC)

e Invited Expert on the Scientific Committee of the
French CEA’s Direction de ’Energie Nucléaire (DEN)

e Member of the Editorial Board of Annals of Nuclear
Energy

e Member of the Training and Academic Affairs
Committee of the Eur. Nuclear Education Network
(ENEN)
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DEGUELDRE C.

e Member of the scientific review committee of the
ESRF, Grenoble, Section: Applied Materials and
Engineering

e Chairman of the Eur. Materials Research Society
(E-MRS)

HOFFELNER W.

e Invited expert of the ASME Section Ill Div. 5 Code
development for gas and liquid metal cooled
reactor

e Organizer of the ANS Nuclear Fuels and Structural
Materials Symposium

e Leitung DGM Fachausschuss fiir Untersuchungen
mit Strahllinien

MANERA A.

e Member of the Editorial Board: Science and
Technology of Nuclear Installations

¢ Vice-President of the Schweizerische Gesellschaft
der Kernfachleute (SGK)

RITTER S.

¢ Vice-Chairman of the Executive Committee of the
Eur. Cooperative Group on Corrosion Monitoring of
Nuclear Materials (ECG-COMON)

SEIFERT H.-P.

e Member of the Executive Committee of
the International Cooperative Group on
Environmentally Assisted Cracking of Water
Reactor Materials (ICG-EAC)

SMITH B.L.

e Chairman of Governing Board, THINS, EU 7t" FWP

e Chairman of the OECD/NEA Working Group on the
Analysis and Management of Accidents (WGAMA)
CFD Special Group

STREIT M.

¢ Vice President of the European Nuclear Society

e Programm Committee Member of the European
Nuclear Society

* Member of the Board of the Swiss Nuclear Society

e Member of the Board of Directors of the
International Youth Nuclear Congress

VAN LOON L.R.

e Member of the International Scientific Committee
of the Migration Conference on Chemistry and
Migration Behaviour of Actinides and Fission
Products in the Geosphere

e Member of the Editorial Board: Transport in Porous
Media

WIELAND E.
e Member of the Editorial Board: The Open Waste
Management Journal

ZIMMERMANN M.A.

® Swiss representative to the Committee for the
Safety of Nuclear Installations (OECD/CSNI)

e Chairman of the CSNI Expert Group Safety Margin
Assessment and Application (SM2A)

e Member of the “Comité de Visite de 'Institut de
Radioprotection et Streté Nucleaire (IRSN)”

® Swiss representative to the GIF International Expert
Group
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Publications in Scientific and Technical Journals

EDENHOFER 0.1, KNOPF B.!, BARKER T.2, BAUMSTARK L.2,
BELLEVRAT E.3, CHATEAU B.3, CRIQUI P.4, ISAAC M2,
KiTous A.3, KYPREOS S., LEIMBACH M., LESSMANN K.1,
MAGNE B., SCRIECIU S.2, TURTON H., VAN VUUREN D.>
“The economics of low stabilisation: exploring its
implications for mitigation costs and strategies”,
Energy ). (ISSN 0195-6574), 31, 11-48 (2010)

1 PIK, Potsdam, DE

2 University of Cambridge, UK

3 Enerdata, Grenoble-Gieres, FR

4 University of Grenoble, FR

5 Netherlands Environmental Assessment Agency (PBL), NL

Goob N.%, ToppING D.1, DupLISSY )., GYSEL M., MEYER N.,
METZGER A., TURNER S.!, BALTENSPERGER U.,

RisTovski Z.2, WEINGARTNER E., COE H.!, McFIGGANS G.!
“Widening the gap between measurement and
modelling of secondary organic aerosol”, Atmos.
Chem. Phys. (ISSN 1680-7316), 10, 2577-2593
(2010)

1 University of Manchester, UK

2 Queensland University of Technology, Brisbane, AU

JAYARATNE E., RISTOVSKI Z.1, MORAWSKA L.%, MEYER N.
“Carbon dioxide emissions from diesel and
compressed natural gas buses during acceleration”,
Transport. Res. D (ISSN 1361-9209), 15(5), 247-253
(2010)

1 Queensland University of Technology, Brisbane, AU

JAYARATNE E.1, MEYER N., RisTOvskI Z.!, MORAWSKA L.!
“Critical analysis of high particle number emissions
from accelerating compressed natural gas buses”,
Environ. Sci. Technol. (ISSN 0013-936X), 44(10),
3724-3731 (2010)

1 Queensland University of Technology, Brisbane, AU

MAGNE B.!, KYPREOS S., TURTON H.

“Technology options for low stabilisation with
MERGE”, Energy ). (ISSN 0195-6574), 31, 83-107
(2010)

1 |EA, Paris, FR

MiLjevic B.Y, HERINGA M.F., KELLER A.%, MEYER N.K.,
Goob J.3, LAUBER A.2, DECARLO P.F., FAIRFULL-SMITH
K.1, NussBAUMER T.3, BURTSCHER H.3, PREVOT A.S.H.,
BALTENSPERGER U., BOTTLE S.E.%, RisTOVSKI Z.D.!
“Oxidative potential of logwood and pellet burning
particles assessed by a novel profluorescent

nitroxide probe”, Environ. Sci. Technol. (ISSN 0013-
936X), 44(17), 6601-6607 (2010)

1 Queensland University of Technology, Brisbane, AU

2 FHNW, Windisch, CH

3 LUASA, Lucerne, CH

MobDINI R.1, AGRANOVSKI V.1, MEYER N., GALLAGHER
E.2, DuNLOP M.2, RISTOVSKI Z.1

“Dust emissions from a tunnel-ventilated broiler
poultry shed with fresh and partially reused litter”,
Animal Prod. Sci. (ISSN 0816-1089), 50, 552-556
(2010)

1 Queensland University of Technology, Brisbane, AU

2 Queensland Dept of Primary Industries, Toowoomba, AU

PoDOFILLINI L., Z1o E.1, MERCURIO D., DANG V.N.
“Dynamic safety assessment: scenario identification
via a possibilistic clustering approach”, Reliab. Eng.
Syst. Safe. (ISSN 0951-8320), 95(5), 534-549 (2010)
1 Polytechnic of Milan, IT

PoDOFILLINI L., DANG V.N., Zio E.!, BARALDI P.1,
LiBRIZZI M.}

“Using Expert Models in Human Reliability Analysis
— a Dependence Assessment Method based on Fuzzy
Logic”, Risk Analysis (ISSN 1539-6924), 30(8), 1277-
1297 (2010)

1 Polytechnic of Milan, IT

Publications in Books

KARANKI D., SANYAISRAO V.1, KUSHWAHA H.1, VERMA
A2, ANTS.?

“Simulation Methods for Reliability and Availability
of Complex Systems”, in Faulin J., Juan, A.A.,
Martorell, S., Ramirez-Marquez, J.E. (eds): Dynamic
Fault Tree Analysis: Simulation Approach, Springer
Publishers, London, 2010 (ISBN 978-1-84882-212-
2)

1 BARC, Mumbai, IN

2 |IT Bombay, Mumbai, IN

SKEA J.1, CHAUDRY M.2, EKINS P.3, KANNAN R.,
SHAKOOR A.%, WANG X.

“Energy 2050: Making the Transition to a Secure
Low-Carbon Energy System”, in Skea, )., Ekins,
P., Winskel, M. (eds): A Resilient Energy System,
Earthscan, 2010 (ISBN 9781849710848)

1 UK Energy Research Centre, London, UK

2 University of Manchester, UK
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3 University College, London, UK
4 Imperial College, London, UK

VERMA A.1, AjiT S.1, KARANKI D.

“Reliability and Safety Engineering”, in Verma A.K.,
Ajit S., Karanki D.R (eds): Reliability and Safety
Engineering, Springer Publishers, London, 15t
Edition, 2010 (ISBN 978-1-84996-231-5)

1 |IT Bombay, Mumbai, IN

International Conferences with Proceedings

BAE Y., Kim J., PARK C.2

“MARS Code Analysis of Operator Action Time in the
SBLOCA Event”, 10t Int. Conf. on Probabilistic Safety
Assessment and Management (PSAM10), 7-11 June
2010, Seattle, USA, CD-ROM, 2010 (ISBN 978-1-
4507-1556-0)

! Korea Hydro + Nuclear Power Co., Ltd., Daejeon, KR

2 Future + Challenges Technology Co., Ltd., Seoul, KR

BAUER C., PAPP K., PRASSER H.-M.

“Evaluation of energy consumption in uranium mines
based on life-cycle assessment methodology”, Eur.
Nucl. Conf., 30 May — 2 June 2010, Barcelona, Spain,
CD-ROM, 2010

BAUER C., SCHENLER W., ROTH S.!

“A Comparative Sustainability Assessment of
Combined Heat and Electricity Supply by Co-
generation and Heat Pump Systems for Switzerland”,
23" Int. Conf. on Efficiency, Cost, Optimization,
Simulation and Ecology of Energy Systems, 14-17
June 2010, Lausanne, Switzerland, CD-ROM, 2010

1 AXPO, Zurich, CH

BAUER C., SimONS A., DONES R.

“Life-cycle assessment of the EPR: the impact of
different fuel-cycle strategies”, Eur. Nucl. Conf., 30
May — 2 June 2010, Barcelona, Spain, CD-ROM, 2010

BORING R.1, FORESTER J.2, BYE A.3, DANG V.N., LoIs E.*
“Lessons Learned on Benchmarking from the
International Human Reliability Analysis Empirical
Study”, 10" Int. Conf. on Probabilistic Safety
Assessment and Management (PSAM10), 7-11 June
2010, Seattle, USA, CD-ROM, 2010 (ISBN 978-1-
4507-1556-0)

1 INL, Idaho Falls, US

2 SNL, Albuquerque, US

3 OECD Halden Reactor Project, Halden, NO

4 US NRC, Rockville, US

BURGHERR P., ECKLE P., HIRSCHBERG S.

“Severe accidents in the context of energy security
and critical infrastructure protection”, Eur. Safety
and Reliability Conf. (ESREL), 5-9 Sept. 2010,
Rhodes, Greece, CD-ROM, 2010 (ISBN 978-0-415-
60427-7)

DANG V.N.

“The International HRA Empirical Study — Motivation,
Results, Impact”, Enlarged Halden Programme Group
(EHPG) 2010, 14-19 Mar. 2010, Storefjell, Norway,
CD-ROM, 2010

DANG V.N., FORESTER .}, MOSLEH A.?

“Developing a New HRA Quantification Approach
from Best Methods and Practices”, 10t Int. Conf. on
Probabilistic Safety Assessment and Management
(PSAM10), 7-11 June 2010, Seattle, USA, CD-ROM,
2010 (ISBN 978-1-4507-1556-0)

1 SNL, Albuquerque, US

2 University of Maryland, College Park, US

DANG V.N., Kim T.W., ZIMMERMANN M.A.,

MANERA A.

“Assessing Safety Margins: the Impact of a Power
Uprate on Risk from Small and Medium LOCA
Scenarios”, 10t™. Int. Conf. on Probabilistic Safety
Assessment and Management (PSAM10), 7-11 June
2010, Seattle, USA, CD-ROM, 2010 (ISBN 978-1-
4507-1556-0)

DANG V.N., MAssAIU S.?, BYE A.?, FORESTER J.?
“Quantitive Results of the HRA Empirical Study and
the Role of Quantitative Data in Benchmarking”, 10t
Int. Conf. on Probabilistic Safety Assessment and
Management (PSAM10), 7-11 June 2010, Seattle,
USA, CD-ROM, 2010 (ISBN 978-1-4507-1556-0)

! QOECD Halden Reactor Project, Halden, NO

2 SNL, Albuquerque, US

FORESTER .1, Lols E.2, DANG V.N., BYE A.3, PARRY G.%,
JuLius ).’

“Lessons Learned on Human Reliability Analysis
(HRA) Methods from the International HRA Empirical
Study”, 10th Int. Conf. on Probabilistic Safety
Assessment and Management (PSAM10), 7-11 June
2010, Seattle, USA, CD-ROM, 2010 (ISBN 978-1-
4507-1556-0)

1 SNL, Albuquerque, US

2 US NRC, Rockville, US

3 OECD Halden Reactor Project, Halden, NO

4 US NRC, Bethesda, US

5 Scientech, EPRI, US

KARANKI D., DANG V.N.

“Quantification of Uncertainty in Fault Tree Analysis
with Correlated Basic Events”, Eur. Safety and
Reliability Conf. (ESREL 2010), 5-9 Sept. 2010,
Rhodes, Greece, pp. 1619-1629, 2010 (ISBN 978-0-
415-60427-7)

Kim J., PODOFILLINI L., LE BOT P.2

“Development of a Questionnaire for
Characterization of Emergency Operation System:
Toward a Better Understanding of Crew Behavior”,
10t Int. Conf. on Probabilistic Safety Assessment
and Management (PSAM10), 7-11 June 2010,
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Seattle, USA, CD-ROM, 2010 (ISBN 978-1-
4507-1556-0)
1 EDF, Clamart, FR

MaRrcuccl A., TURTON H.
“Effects of economic crises and the cost of capital on

technology choice: scenario analysis using a MERGE-

ETL model”, 2010 Int. Energy Workshop, 21-23 June
2010, Stockholm, Sweden

MERcURIO D., DANG V.N.

“Use of dynamic event trees to model variability

in crew time performance”, 10t Int. Conf. on
Probabilistic Safety Assessment & Management
(PSAM10), 7-11 June 2010, Seattle, USA, CD-ROM,
2010 (ISBN 978-1-4507-1556-0)

MoSLEH A.', FORESTER J.2, BORING R.3, HENDRICKSON
S.2, WHALEY A.3, SHEN S.H.%4, KELLY D.3, CHANG Y.H.,
DANG V.N., OXSTRAND J.3, LoIS E.*

“A Model-Based Human Reliability Analysis
Framework”, 10t Int. Conf. on Probabilistic Safety
Assessment and Management (PSAM10), 7-11 June
2010, Seattle, USA, CD-ROM, 2010 (ISBN 978-1-
4507-1556-0)

1 University of Maryland, College Park, US

2 SNL, Albuquerque, US

3 INL, Idaho Falls, US

4 US NCR, Rockville, US

PODOFILLINI L., DANG V.N., NussBAUMER 0., DREs D.!
“ldentification of Errors of Commission for a Swiss
Nuclear Power Plant: Application of the CESA
Method”, Eur. Safety and Reliability Conference
(ESREL 2010), Safety, Reliability and Risk Analysis,
5-9 Sept. 2010, Rhodes, Greece, pp. 2429-2436,
2010 (ISBN 978-0-415-60427-7)

1 KKL, Leibstadt, CH

PoDOFILLINI L., REER B.

“Assessment of the CESA-Q HRA method against
simulator data”, Eur. Safety and Reliability Conf.
(ESREL 2010), 5-9 Sept. 2010, Rhodes, Greece, pp.
2419-2428, 2010 (ISBN 978-0-415-60427-7)

SIMONS A., BAUER C.

“Life-Cycle Assessment of Battery Electric and
Internal Combustion Engine Drivetrains for a Small
Passenger Car”, 18™ Int. Symp. on Transport and Air

Pollution, 18-19 May 2010, Diibendorf, Germany, pp.

125-130, 2010

WILHELM E., SCHENLER W.

“Reducing the Weight of Electric, Hybrid, and Fuel-
Cell Vehicles using Heuristic Design”, 2010 Int.
Advanced Mobility Forum Geneva, 9-10 Mar. 2010,
Geneva, Switzerland, USB, 2010

WILHELM E., SCHENLER W.
“A Multi-Criteria Decision Analysis on Personal

Transportation Technology using Heuristic Design”,
23 |nt. Conf. on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy
Systems, 14-17 June 2010, Lausanne, Switzerland,
CD-ROM, 2010

Talks delivered at Conferences, Workshops and
Specialist Meetings (without Proceedings)

BALTENSPERGER U., LOHMANN U.%, PETER T.%, BEY .2,
HECK T., HOGLIN C.3, BURTSCHER H.*

“IMBALANCE: Impact of Biomass Burning Aerosol on
Air Quality and Climate”, Latsis Symp. 2010, ETHZ,
Zurich, Switzerland, 15-17 Nov. 2010

1 ETHZ, Zurich, CH

2 EPFL, Lausanne, CH

3 EMPA, Diibendorf, CH

4 FHNW, Windisch, CH

BAUER C., BURGHERR P., HECK T., HIRSCHBERG S.,
SCHENLER W., SIMONS A.

“Sustainability analysis of future power generation
technologies: integrating environmental, economic
and social aspects”, Science and Technology for
Environmental Protection (SETAC), Eur. 20" Annual
Meeting, Seville, Spain, 23-27 May 2010

BURGHERR P.

“Severe accident risks in the energy sector:
comparative assessment in the context of energy
security”, Seminar: Institute for the Protection and
Security of the Citizen (IPSC), EC-Joint Research
Centre (JRQ), Ispra, Italy, 1 July 2010

BURGHERR P., ECKLE P., HIRSCHBERG S.

“Security risks of critical infrastructures in the oil and
gas sectors”, Int. Disaster & Risk Conf. (IDRC), Davos,
Switzerland, 30 May — 3 June 2010

BURGHERR P., ECKLE P., HIRSCHBERG S., CAzzoLI E.?
“Severe Accidents and Terrorist Threats within the
Context of Energy Security”, SECURE Stakeholder
Meeting, Milan, Italy, 18-19 July 2010

! Cazzoli Consulting, Nussbaumen, CH

ECKLE P.

“Risk Analysis of Severe Accidents in the Fossil
Energy Chains”, Seminar: Institute for the Protection
and Security of the Citizen (IPSC), EC-Joint Research
Centre (JRO), Ispra, Italy, 1 July 2010

ECKLE P., BURGHERR P.
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