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INTRODUCTION

Overall Energy Policy Background

Primary energy, as well as electrical power genera-
tion, continues to grow slightly world-wide. The figures
for Switzerland in 1999 were 1,128,070 TJ and 66.7
TWh, respectively, with corresponding increase rates
of 0.8% and 9.4%. Even more important is the fact
that the correlation between economic growth and
energy consumption is still strong, as shown in the
graph below (Fig. 1).
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Fig. 1: Relation of economic growth to energy con-
sumption in Switzerland (source: "Swiss En-
ergy Statistics 1999").

The world-wide situation is characterized by consider-
able geo-political disparities. The OECD countries
account for 52.2% of the world's final energy con-
sumption, and the Third World countries show in-
crease rates far above the world average: of the order
of 10% per year (Fig. 2).
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Fig. 2: World-wide growth of energy consumption
(source: lEA-statistics).

The share of nuclear energy in world-wide electricity
production (applications such as heat generation and
water desalination are still not worth mentioning) has
been stable for many years at 17%. At the beginning
of the year 2000, there were 441 nuclear power plants
(NPPs), with an installed capacity of 354.5 GWe, in
operation. Another 38 NPPs with a capacity of

30.8 GWe were under construction, at different states
of completion.
Currently, new orders for NPPs are placed only in the
Far East. China has, in absolute terms, a planned
increase of -50 GWe over the next 25 years: an ambi-
tious yet, in relative terms (only -10% of the planned
additional capacity) a modest nuclear programme.
Other main actors are Korea, Japan and India, out of
which Japan has the most comprehensive pro-
gramme, including reprocessing and options for fast
reactors. In the western world, the most concrete per-
spective is the High Temperature Reactor project in
South Africa, while the one with probably the highest
political impact is the application by the Finnish utili-
ties for their 5th NPP, and a possible positive decision
by the Finnish parliament. On the other hand, one
should mention the closure (for political reasons) of
the Barseback NPP in Sweden, and the "consensus"
in Germany on phasing out nuclear power plants after
about, on average, 30 years of operation.

Of highest interest and significance are current devel-
opments in the USA. Following a long period charac-
terized by partly unreliable and uneconomic operation
of NPPs, a dramatic change has occurred in the last
two years. Changes of ownership - lately at substan-
tial value, about 640 k$/MWe - has led to "special-
ized" utilities operating large nuclear parks at very
competitive costs. The operational generation costs of
nuclear power in the USA, on average 1.83 0/kWh,
are highly competitive in comparison with gas (3.52
0/kWh) and coal (2.07 0/kWh). In addition, there have
been strategic decisions taken by the government to
foster nuclear technology and to regain a leading posi-
tion in the nuclear industry market. Besides short- and
mid-term programmes launched by the US DoE, its
"Generation IV NPP" initiative aims at developments
which, in 20 to 30 years, would make further, im-
proved NPPs available.

On a global scale, de-carbonization is regarded as a
must, and related policies are reflected in the com-
mitments taken by all industrialized countries in the
Kyoto Protocol. In practice, however, a further car-
bonization of the energy supply can be observed, both
in industrialized and developing countries. In a recent
"green paper" of the CEC on a "European Strategy for
the Security of Energy Supply", it is stated that, if no
measures are taken, the share of fossil energy carri-
ers is expected to rise from 79% today to 86% in
2030, with nuclear falling from 15% to 6%. The de-
pendence on imported products will increase from
currently 50% to 70%. In this paper, it is recognized
that reversing the trend in greenhouse gas emissions
is a huge challenge, accentuated by the liberalization
of the energy market, and the interdependence of EU
member states on issues of energy supply. Along with
prioritizing new renewable energies, and steering
changes in the consumer behaviour, the paper fore-



sees a re-consideration of nuclear energy in the light
of political decisions in member states to phase out
the technology, the fight against global warming, se-
curity of supply, and sustainable development.

Despite the above policies, the share of new renew-
ables is not expected to rise dramatically in the mid-
term for economical and technological reasons and, in
central and northern European countries, for climatic
reasons also.

The use of nuclear energy is a world-wide subject
of debate. Intensive nuclear programmes are un-
derway, especially in the Far East, and a new era
seems to be emerging in the USA. Nuclear energy
is regarded as necessary to respond to global
challenges - at least providing a bridging solution.

Research Policy, Institutional Situation

The Swiss Federal Government still has nuclear en-
ergy research in its funding portfolio. However, a dra-
matic change has taken place over the last few dec-
ades, and is still underway. The Swiss Federal Com-
mission for Energy Research (CORE) has postulated,
in its recommendations regarding priorities in energy
research for the period 1999-2003, a reduction of
government funding for nuclear energy research by
roughly 30% with respect to the 1997 budget. Drastic
cuts in waste management and research into future
reactor concepts have been proposed, although these
fields are regarded as being essential in the long-
term: the CORE believes that the private sector
should increase its commitment in this area. The
CORE recommendations were accepted de facto by
the responsible Federal Ministers of Energy and the
Interior (the latter being responsible for research and
education), and form the basis for governmental sup-
port to nuclear energy research.

In Switzerland, PSI is the centre for nuclear energy
research, this taking place in the "Nuclear Energy and
Safety" department (NES). According to the Perform-
ance Agreement of PSI with the Board of the Federal
Institutes of Technology, energy research in general
should focus on the realization of those projects which
pay particular attention to a sustainable development.
The mid-term planning of PSI retains nuclear energy
research as one of its basic research areas, focused
on the safety of (ageing) operating Swiss NPPs, and
on the solution of remaining waste-disposal issues, all
activities becoming increasingly integrated with PSI's
large facilities. In parallel, the share of government
funding in the nuclear field is gradually being reduced
following the CORE recommendations.

In a letter to the Swiss Secretary of State for Science
and Research, the PSI Director states that "...As far
as allowed by funding, and required by Swiss needs in
regard to safety and waste management, future con-
cepts for nuclear installations are also currently being
investigated. PSI fulfils in this way its particular re-
sponsibility to foster the next generation of scientists,
and to maintain its competence through generic re-

search activities to which it contributes, thus keeping
the nuclear option (which it considers necessary)
open...". In this sense, both the "Board" and PSI rec-
ognize nuclear energy as a potential contributor to a
sustainable energy mix.

In order to respond to these needs in a low-key envi-
ronment, with reduced resources, a networking strat-
egy became necessary, both at the domestic level
(together with the Federal Institutes of Technology in
Zurich and Lausanne, and with other Universities) and
abroad (within the European Framework Pro-
grammes, and on bilateral bases). The Swiss Univer-
sities provide nuclear education (embedded partly in
more general contexts), and use the facilities at PSI
for doctoral research.

Networking is anyway the main foreseeable trend in
the mid-term. On the European and OECD levels,
efforts are underway to identify those research facili-
ties which are essential to specific research tasks and
worth being preserved. A possible loss of competence
due to the lack of industrial reactor projects in the
western world is the main threat, and has to be ad-
dressed. Participation in thematic networks, which
started in the mid 1990s, is being reinforced and
broadened. Centres of Excellence are foreseen in
Europe as the main carriers of the research to be
performed within the forthcoming 6th EU Framework
Programme; this in order to avoid duplication, and to
ensure an optimal and equitable share of the work.
Also, the idea behind the "Generation IV NPP" and
other initiatives is to establish "clusters" of compe-
tence, which will contribute to broad developmental
goals.

In parallel, a certain stabilization in nuclear research
funding can be observed abroad. In Europe, research
funds for EURATOM remained stable for the 5th

Framework Programme, with a similar perspective for
the 6th. In the USA, there is a budgetary recovery fore-
seen from 25 M$ in 1999 to perhaps about 150 M$ in
2006.

Nuclear energy research will remain in the portfolio
of government funding, though at reduced levels,
and with further increased participation of the pri-
vate sector as compensation. Networking at all
levels, along with increasingly addressing generic
aspects, are essential elements of future research
policy.

Swiss Governmental and Economic Situation

Switzerland has signed the Kyoto Protocol and com-
mitted itself to reduce its greenhouse gas emissions
by 10% (with regard to the 1990 level) by the year
2010. Electricity generation is practically CO2-free,
with roughly 60% hydro and almost 40% nuclear. To
fulfil international commitments, nuclear energy can-
not be renounced as long as no realistic alternatives
(i.e. new renewables, at large-scale and at economi-
cally attractive prices) are available.



It is necessary, therefore, to keep the nuclear option
open, and this is reflected in the position of the Fed-
eral Government with regard to the revision of the
Atomic Act, currently in parliamentary discussion. The
proposed revision does not put any limit to the opera-
tional lifetime of the existing NPPs, as long as they
fulfil the safety requirements of the regulatory author-
ity. On the other hand, it does intend to prohibit the
reprocessing of spent fuel without, however, prohibit-
ing the ongoing use of fuel containing plutonium.

The safety and operational records of the Swiss NPPs
bear witness to their continuing excellent perform-
ance: high availability factors, low number of unin-
tended shutdowns, low occupational doses. The posi-
tion of the Swiss utilities is to exploit the possible ex-
tension of operational life, potentially to the same ex-
tent as in the US, where license extensions up to 60
years have already been granted. Furthermore, the
utilities intend to take concrete steps towards the solu-
tion of the waste disposal problem, asking for a deci-
sion by popular vote on the Wellenberg site in the
autumn of 2001. The performance assessment for a
high-level radioactive waste repository is expected
after 2002. In parallel, the efforts of the utilities to re-
act to the challenges of the liberalization of the elec-
tricity market have so far been successful: consider-
able savings in nuclear generation costs has led to
competitive electricity prices (-4-6 Rp/kWh), and the
threat of stranded investments due to short opera-
tional lifetime seems to have been removed in the
new Atomic Act.

The liberalization process is, however, far from being
terminated: foreign participation in Swiss NPPs has
taken place, and changes in ownership, up to a possi-
ble "nuclear utility" encompassing all 5 Swiss NPPs,
are not excluded, or even expected. In this sense, the
utilities are interested in research which can ensure
the safe operation of the existing plants under ageing
conditions, can enhance their economics, and which
can help to solve waste management issues.

Changes are also foreseen for the regulatory authority
(HSK) from the viewpoint of affiliation. It is intended to
group all regulatory responsibilities regarding techni-
cal risks, including nuclear, into a single agency, the
Swiss Institute for Technical Safety (to be imple-
mented probably in 2004), reporting directly to a
member of the Federal Council. In the future, the
safety authorities will probably be more active in their
supervisory role, and rely more intensively on re-
search and external expertise for the investigation of
novel aspects.

Public opinion is still cautious with regard to nuclear
energy, although fears of severe reactor accidents are
currently ranking far behind others like globalization,
food security, etc. However, the abandonment of nu-
clear power in Switzerland is still on the political
agenda, and popular initiatives and referenda are
organized on a regular basis. However, the "energy
initiative", aimed at massively subsidizing renewable
energies at the expense of fossil and nuclear ener-
gies, was comprehensively rejected in the autumn of

2000. Nevertheless, an initiative aimed at a formal
and more stringent extension of the current Morato-
rium, and a second one aimed at a complete phase-
out of nuclear energy, are to be voted upon in 2002 or
2003, probably in parallel with the referendum on the
aforementioned revised Atomic Act.

It seems to become increasingly clear to the public
that nuclear energy is unavoidable in the mid-term, or
as a (perhaps undesired) option for a more sustain-
able energy strategy. Switzerland has traditionally
played a forerunner role in many beneficial initiatives
with regard to environment and society. Research can
contribute to this task by communicating its insights as
"honest broker" in a transparent and understandable
way to decision-takers and opinion-makers.

The use of nuclear energy in Switzerland is a "suc-
cess story"; renouncing it would be a step in the
wrong direction with respect to climate protection
and a sustainable economic development (as
postulated in the Swiss Constitution).

Mission of NES

Switzerland is a country without heavy nuclear indus-
try, and with no NPP project in sight. Consequently,
research activities play a particular role, since they
have to include a certain scientific services compo-
nent, which elsewhere would be covered by industry
or by other enterprises. In practical terms, PSI is the
only nuclear research institution in Switzerland, and it
has to maintain a minimum competence in certain
areas to fulfil its charter. In the light of the Swiss re-
search policy, and the institutional situation described
above, the mission statement of PSI/NES includes:

• Keeping the "nuclear energy" option open
through its own in-house research and techno-
logical developments, leading to a higher degree
of sustainability (i.e. "bridging the gap").

• Contributing to the safe and, as far as possible,
competitive operation of current NPPs, and to the
safety assessments of long-term waste reposito-
ries.

• Conducting research projects (generic to the
maximum extent possible), with focus on safety,
including aspects related to materials behaviour,
fuel cycle developments and waste management,
and with the highest degree of internal and exter-
nal collaboration.

• Providing, together with universities, a broad
base for the education of young scientists in nu-
clear technology, thereby ensuring the continuing
operation of necessary nuclear facilities (Hot Lab,
PROTEUS).

• Supporting NPP operators and the regulatory
authority by fulfilling a stand-by function in key
areas through scientific services, and by provid-
ing input for energy-policy decision-making.



Keeping the nuclear option open means, not only
contributing to the safe and economic operation of
existing NPPs, but remaining in close contact with
ongoing technological developments (reactor con-
cepts, safety systems, advanced materials and fuels)
in order to be able to provide expert opinion if, for
example, an NPP of advanced design would have to
be evaluated in Switzerland.

Contributing to the safe and competitive operation of
current NPPs means dealing with materials behaviour
under ageing conditions (embrittlement, thermal fa-
tigue, corrosion cracking, fuel behaviour under high
burn-up), but also being able to reduce unnecessarily
large uncertainty margins which penalize competitive-
ness; e.g., through validation of codes, or through a
better understanding of severe accidents. It also in-
cludes scientific services: e.g., prompt response to
material failure, to identify their causes and to propose
remedies.

Being generic to the maximum extent possible and
contributing to the education of young specialists im-
plies looking at issues which are outside the classical
nuclear domain, but which are at the forefront of
knowledge, scientifically attractive, and which can
help to actively preserve competence indispensable
for the realization of other goals.

The stand-by function in key areas means being able
to provide a number of specialists capable of safely
handling highly radioactive and contaminated materi-
als in cases of emergency, and operating the pertinent
facilities necessary to do this (e.g. the Hot Lab).

Providing input for energy-policy decision-making
implies dealing with energy issues in a comprehensive
way, assessing energy supply alternatives scientifi-
cally, and communicating the findings in an under-
standable form.

Structure and Projects

NES is structured around thematic complexes and
specific competences in four divisions called "Labora-
tories", which carry out the various research projects:
The Laboratory for Reactor Physics and Systems
Behaviour (LRS), the Laboratory for Thermal-
Hydraulics (LTH), the Laboratory for Materials Behav-
iour (LWV) and the Laboratory for Waste Manage-
ment (LES). In addition, an independent unit deals
directly with issues relating to the assessment of en-
ergy systems. Each of the above strategic points is
reflected in at least one of NES's ongoing projects.

• The LWR-PROTEUS project aims at the validation
of computer codes for the analysis and design of
modern fuel assemblies and core configurations
for a wide range of experimental data obtained us-
ing the PROTEUS critical facility. It helps, thereby,
to reduce uncertainty regarding operational safety
margins, and to improve NPP economics. This is
done while maintaining competence in reactor
physics through providing attractive research tasks
for young scientists.

• The projects STARS and Human Reliability Analy-
sis aim at the in-depth understanding of opera-
tional transients and postulated accident se-
quences in the Swiss NPPs in the first case, and at
the analysis of possible "undesired actions" by the
reactor operators in the second. The projects pro-
vide support to the HSK and the utilities, and help
to maintain an unique competence in systems and
safety analyses through NPP-specific modelling
and related research.

• The project ALPHA aims, through experimental
and analytical investigation, to develop know-how
regarding long-term decay heat removal from con-
tainments by means of passive systems, safety is-
sues relating to current LWRs, and related phe-
nomena. The project is at the forefront of current
nuclear technology in that it deals, for example,
with safety systems to be implemented in concepts
relating to the next generation of reactors. It main-
tains competence in thermal hydraulics, in the use
and further development of large system and CFD
codes, and attracts young scientists to the large,
integral test facility PANDA, and to the separate-
effects facility LI NX.

• The project Severe Accidents aims at developing a
better understanding of the phenomena which
could occur in the course of postulated severe re-
actor accidents. The involvement enables possible
radioactive releases to the environment (source
terms) to be more accurately estimated, and exist-
ing (or proposed) accident management proce-
dures to be more reliably assessed. Further, the
project provides support, both to the HSK and the
utilities, and preserves competence in the phe-
nomenology of severe accidents, in the use of
scenario codes, and in the science of aerosol
physics and chemistry. To this end, operation con-
tinues of the versatile aerosol generation facility
DRAGON, with various test loops, and the iodine
irradiation facility FENRIS.

• Within the EDEN project, the mechanical behav-
iour and corrosion mechanisms of Zircaloy fuel-rod
cladding at high burn-up and long in-reactor expo-
sure are investigated, as well as the effects of ra-
diation on structural materials. EDEN is of high
relevance to the NPP operators, since it provides
direct help in the identification of failure mecha-
nisms of nuclear materials, but it also gives input to
PSI's spallation source activity in regard to materi-
als behaviour for the planned liquid-metal target
(the MEGAPIE Project). EDEN ensures that com-
petence in the domain of materials behaviour is
maintained, and that the know-how associated with
handling highly radioactive materials is preserved.
The project relies on the analytical capabilities of
PSI's Hot Lab facility.

• The project Advanced Fuel Cycles addresses mid-
and long-term issues related to the fuel cycle back-
end, and involves reactor physics studies of ad-
vanced concepts, as well as the fabrication and



characterization of novel fuel types. These have
improved characteristics and fabrication processes
with regard to current fuel design, but are also
suitable for new applications, such as transmuta-
tion of long-lived nuclides in fast reactors or in Ac-
celerator-Driven Systems (ADSs). It is the most fu-
turistic project within NES, and accordingly has
high international visibility and attractiveness for
young specialists. The project maintains compe-
tence in radiochemistry, and in the analysis of ra-
dioactive materials. It also makes extensive use of
the radiochemistry installations in PSI's Hot Lab.

• Within the project Water Chemistry, the role of
water chemistry in LWR systems, on activity up-
take, and the ageing behaviour of components, are
investigated. The project Structural Integrity aims
at improving the prediction of the remaining life-
time of reactor components, covering the structural
integrity of heavy-section steel components under
the influence of thermo-mechanical loads, envi-
ronmental damage and irradiation. Both projects
are of direct relevance to the safety of ageing
NPPs, and thus are of interest to both the utilities
and to the HSK. The projects maintain competence
in materials sciences and, more particularly, in
structure and fracture mechanics, and corrosion
phenomena.

• The project Waste Management aims at strength-
ening the scientific basis of nuclear waste man-
agement. The fields of competence are repository
system chemistry and geosphere transport of ra-
dionuclides, including retardation. The project has
a strong generic character, but is also of direct
relevance to the Swiss Waste Disposal Co-
operative (Nagra) for both the realization of a Low
to Intermediate Level Waste (L/ILW) repository in
Wellenberg, and to the performance assessment
of a future High-Level Waste (HLW) repository.
Due to its generic character, the project is very at-
tractive for young scientists. The geochemical be-
haviour of radionuclides is investigated to a large
extent in PSI's Hot Lab facility.

• Finally, the project GaBE deals with the compre-
hensive assessment of energy systems using in-
house, extensive databases (eco-inventories, se-
vere accidents) and modern tools such as Life Cy-
cle and Environmental Impact Analysis. The pro-
ject is of relevance to decision-makers in the en-
ergy supply business, but also to society in gen-
eral. It maintains competence in systems analysis,
in the use of the aforementioned tools and, more
importantly, in in-depth technological knowledge of
all relevant energy systems.

Following a long tradition, there was excellent pro-
gress within the context of the aforementioned pro-
jects during the year 2000. This is illustrated, for ex-
ample, by the success (21 accepted out of 36 submit-
ted) of the project proposals with PSI leadership, or
participation, within the 5th EU Framework pro-
gramme. With the approval of the Swiss utilities, it
was decided (a) to enter a second phase of the LWR-

PROTEUS experiments, and (b) to build up a capabil-
ity for mechanical testing of small, highly radioactive
samples.

The integration of nuclear research in PSI was further
strengthened through the commitment of NES in the
development of a liquid-metal target within the
MEGAPIE project. The target will be tested in the
spallation neutron source facility SINQ, and will con-
tribute significantly to the development of ADSs. In
this respect also, an EXAFS beamline at the SLS,
called MicroXAS, which will be built and operated
under NES responsibility, has now been approved. At
the international level, and following a recommenda-
tion of the OECD/NEA group of experts, PANDA has
been submitted to the member states as an OECD
facility project: the proposal has found broad accep-
tance. Furthermore, Switzerland has ambitions to join
the "Generation IV NPP Initiative" of the DoE, with
PSI/NES being the scientific agent involved in this co-
operation.

Finally, PSI has committed itself to the concept of
organizing seminars for politicians on the revision of
the atomic law, as well as the assessment of energy
systems and advanced reactor systems.

PSI/NES satisfies national needs, and provides
scientific support of high quality. The embedding of
its projects in international collaborations, its excel-
lent reputation, and its unique capabilities and fa-
cilities, are elements of robustness.

Resources

Despite its relevance and proven success, both at a
national and international level, the resources devoted
to nuclear energy research were further reduced in
the year 2000. Unfortunately, this continues an unbro-
ken trend over the last 10 years. During 2000, the
personnel resources amounted to about 180 py/a, out
of which 92 py/a were covered by funds outside PSI's
regular budget (i.e. from other Federal sources and
the private sector). Overheads and Management
(O&M), and investment costs, amounted to 6,700
kCHF, out of which 5,100 kCHF were externally
funded. Taking into account overheads and "hidden
costs", this represents an external funding share of
33% (by comparison, the average external funding
share of PSI projects was 11%). This funding was
provided mainly by the Swiss utilities and Nagra
(77%), the Federal Office for Education and Science
(BBW) for EU-projects, 14%, the Federal Office of
Energy (BFE) for regulatory research, 6.5%, and in-
dustry, 2.5% (Fig. 3).

In addition to the above, an "extraordinary" federal
budget of 8.8 MCHF was allocated in 2000 for the
refurbishment of safety-relevant installations in the
Hot Lab. The distribution of resources in the main
thematic fields was 47% for safety and related opera-
tional problems of the Swiss NPPs, 15% for waste
management, 15% for features of future reactor con-
cepts and fuel cycles, 5% for energy systems analy-



ses, and 18% for operation of the large facilities in
NES and administration (see Fig. 4).

the Nagra contracts, this agreement provides a sound
basis for an external income of roughly 11 MCHF/y
until the end of 2003.

BFE
7%

Industry
3%

76%

Fig. 3: Origin of NES external funding.

This distribution has remained practically unchanged
over the last few years, although the focal points of
the individual projects have changed significantly.

Operationof
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Fig. 4: Allocation of resources to research domains.

The share of external funding has changed dramati-
cally in the past decade. In 1991, NES had a staff of
205 py/a, out of which 45 py/a were externally funded.
In 2000, for the first time, the number of externally-
funded staff was higher than that for PSI-funded staff.
Budget cuts, and some precautionary planning at PSI
level, have led to a further reduction of the projected
number of PSI-funded positions in nuclear energy
research to 70 py/a by the end of 2003, instead of the
82 py/a as planned. The decision has already been
taken to finally terminate the project on Advanced
Fuel Cycles, and to strive for an even higher share of
external funding for NES projects.

Currently, all projects are embedded in contractual
collaborations. In 2000, a new mid-term umbrella
agreement was signed with the Swiss utilities to re-
place several individual cooperation contracts. This
will enable NES to secure the concept of training
young specialists, and to maintain competence, while
allowing a higher flexibility in regard to rapidly chang-
ing needs and priorities. Together with BFE, BBW and

The current allocation of government-funded re-
sources to NES does impose the need to terminate
some successful projects, and to sacrifice compe-
tence in some key areas. The preservation of
competence in the remaining areas arrests this
erosion process, but does imply an increased
share of external funding.

Outlook

Nuclear energy research at PSI will focus in the future
on the safety of ageing nuclear power plants, and of
the envisaged repositories for radioactive waste. The
real needs of the utilities (the NPP operators), the
regulatory authority, and the general public provide
specific guidance: maintaining expertise in key areas
continues to be of national importance, and must be
assured. It is foreseen that issues relating to materials
and components behaviour, as well as to lifetime as-
sessment, will become even more important. This
facilitates the building up of stronger connections to
other priority domains within PSI. The involvement of
well-qualified specialists in non-NES projects and in
PSI's large facilities (MicroXAS-Beamline, MEGAPIE)
is a must. But, it is also a chance for NES to secure
competence in key areas of generic research.

Furthermore, PSI/NES understands its duties within
tasks of national importance: i.e. to technologically
maintain the option for the future use of nuclear en-
ergy (and to further qualify it as part of a sustainable
energy mix), as well as to contribute to the education
of young scientists in the nuclear field. The key activi-
ties stay directed towards a further increase of reactor
safety through in-depth analysis and experiments, and
the reduction of the requirements for a final repository
for radioactive waste.

NES will actively pursue its own selected contributions
to the "Research Alliance on Generation IV NPP"
(WRANGR), and will continue its participation in inter-
national collaborations.

The realization of these goals requires research activi-
ties which are in line with the expressed will to pre-
serve the remaining scientific capabilities and skills of
NES, and with the operation of its large facilities (Hot
Lab, PROTEUS, PANDA, DRAGON).

Requirements formulated in the "Generation IV Initia-
tive" for "evolutionary" concepts include:

• Costs: less than 1000 $/kWe installed, less than
3 0/kWh produced;

• Core Damage Frequency less than 10"6 per reac-
tor year;

• No severe core damage for any "plausible acci-
dent sequence";

• Trustworthy solutions for all waste streams;



• Tolerance against human failure;

• No off-site emergency measures necessary (for
"credible scenarios").

Until now, the infrastructure of the Hot Lab, which
serves as a real and potential problem solver at about
2/3 of its capacity for the NPPs, and only at 1/3 for
PSI and other users, is almost entirely financed from
PSI funds. A stronger financial involvement of the
Swiss utilities is absolutely necessary; the level of
capabilities offered, and the spectrum of services to
be assured, is the subject of current negotiations, and
finally of financial commitment.

Nuclear energy research at PSI/NES has an
important role to play both at the national level (i.e.
in response to Swiss needs) and at the
international level (e.g. as a contribution to a world-
wide effort to re-launch nuclear energy), using its
established excellence of scientific work, and the
operation of its research facilities. An increased
share of generic research, with more extensive use
of PSI's large facilities, offer additional op-
portunities.
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MAIN ACTIVITIES

Highlights of the main activities during the year covered by this report are given below in the framework of
the corresponding projects. They include tasks which were completed during the year, as well as certain
projects still in their early stages. While NES is encouraging a networking of its activities, both within the
department and throughout PSI, most of the projects are the prime responsibilities of distinct organiza-
tional units (Laboratories), these following the well-defined scientific focus of the projects, requiring par-
ticular expertise and specialized equipment or facilities. Exceptions are the projects GaBE (Comprehen-
sive Assessment of Energy Systems), which functions in cooperation with PSI's General Energy Research
Department (ENE), the project Advanced Fuel Cycles, mainly centred in the Laboratory for Materials Be-
haviour (LWV) but with important contributions from the Laboratory for Reactor Physics and Systems Be-
haviour (LRS) and the project STARS, which is largely associated with LRS, but which receives important
contributions from the Laboratory for Thermal Hydraulics (LTH) and LWV. In addition, the Laboratory for
Waste Management (LES) makes extensive use of LWV's Hot Laboratory.

Human Reliability Analysis (HRA)

This project takes place in cooperation with the Swiss
utilities and the HSK, and with financial support from
the latter. The main task during the year 2000 was a
pilot study focussing on the analysis of possible "un-
desired actions" which could worsen a particular acci-
dent scenario. Because of the lack of established
analysis methods, such actions (so-called Errors of
Commission, EOCs) are not comprehensively consid-
ered in current Probabilistic Safety Assessment (PSA)
studies. The pilot study was undertaken for a Swiss
nuclear power plant, the aim being to investigate the
feasibility of treating EOCs in the PSA framework.

The goals of the pilot study were: (a) to test a method
developed at PSI for identifying possible and relevant
EOCs which should be examined, and (b) to obtain an
estimate of the potential risk significance of the ana-
lyzed EOCs. Preliminary results have shown that
PSI's identification method is feasible and effective:
i.e. it enables plausible situations in which EOCs
could occur to be identified. Quantitative analyses
have been performed for five of these situations, in
order to obtain the EOC probabilities and to assess
their safety significance. In the closing phase of the
pilot study, these EOCs and their analyses are being
further examined with the utility. In view of the limited
applications, and the only partially satisfactory results
from other published methods, demonstration of PSI's
methodology in the pilot study, and the resulting iden-
tification of concrete cases, is encouraging.

Comprehensive Assessment of Energy Systems
(GaBE)

Within the China Energy Technology Program
(CETP), co-sponsored by ABB, and in conjunction
with the Alliance for Global Sustainability, the GaBE
Project, together with ETHZ, EPFL, MIT and Tokyo
University, investigates how the future electricity sup-
ply in China could be made more sustainable. Direct
participation of Chinese stakeholders in this pro-
gramme assures that the results will be used effec-
tively. The (inter-disciplinary) activity concentrates on
the energy-intensive Shandong province, which is
characterized by high economic growth, and a corre-
spondingly high increase in the rate of electrical power

demand. The approaches developed by GaBE, and
implemented earlier under Swiss conditions, have
now been extended and adjusted for application to the
conditions prevailing in China. The analysis of fossil
energy chains using Life Cycle Assessment (LCA)
and Environmental Impact Assessment (EIA) methods
indicates high emissions of major pollutants, and as-
sociated health problems for the population. Prelimi-
nary estimates, based on the simulation of the disper-
sion of emitted pollutants, and their impact on health,
indicate health damage associated with air pollution of
the order of 2r-A°/o of the Chinese GNP. The Risk As-
sessment (RA) shows that the Chinese coal chain
exhibits exceptionally high fatality rates from severe
accidents: on average 40 times higher than those in
OECD countries. Alternatives, such as clean coal
technologies, natural gas, and expansion of hydro-
power and nuclear energy, are currently being con-
sidered within future electricity supply scenarios. They
offer the possibility to reconcile continued growth with
an acceptable state of the environment.

Environmental external cost and multi-criteria analy-
ses have been carried out for selected future electric-
ity generating systems of interest under Swiss condi-
tions. The ranking of electricity systems based on total
(internal and external) costs is consistent for both
future and current systems: hydro and nuclear are in
the lower cost range, while photovoltaic solar is in the
higher cost range. A new feature in this approach is
the use of detailed Life Cycle Inventories as the guid-
ing input for impact assessment. In comparison with
previously published EU and US studies, this ap-
proach leads to higher estimates and higher, even
dominant, shares from stages of energy chains other
than power plants.

The multi-criteria approach allows the extensive use
of the acquired knowledge on system performance to
be applied to a process which is also open to account-
ing of values. The results of a multi-criteria analysis
based on criteria with corresponding scope, such as
the total cost assessment (i.e. equally weighted health
and environmental impacts and production costs),
lead to a systems ranking very similar to the one
based on external costs. A ranking based on the three
pillars of sustainability (economy, environment, soci-
ety) is relatively robust if these pillars are considered
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equally important, even if the weighting of lower level
criteria (e.g. financial requirements, human health
issues or employment effects) is subject to variation.
Placing emphasis on economy always penalizes re-
newables, while emphasis on the environment penal-
izes fossil systems, and emphasis on social aspects
penalizes nuclear. Developments towards a strong
limitation of the consequences of a hypothetical nu-
clear accident, along with a radical reduction of waste
confinement times, have a highly favourable impact
on the ranking of the nuclear chain.

Efforts directed towards communication of the GaBE
results to decision- and opinion-makers, and to those
generally interested in energy issues, were continued
with two new issues of the "Energie-Spiegel". The first
issue addresses scenarios for the future energy sup-
ply in Switzerland, including heat pumps, decentral-
ized co-generation, and the promotion of "new renew-
ables" (along with energy conservation). The second
issue deals with the concept of sustainability and, in
particular, its operation based on a structured set of
criteria and quantitative indicators. Both issues re-
ceived a very positive feedback from interested read-
ers.

Advanced Fuel Cycles

The project passed several milestones during the
year: irradiation of Inert Matrix Fuel (IMF), produced at
PSI in small amounts, was initiated in the Halden Test
Reactor of the OECD, in the High Flux Reactor of the
EU in Petten, and in the PROTEUS facility at PSI.
Negotiations with the Japanese Nuclear Cycle Devel-
opment Institute (JNC) were also brought to a suc-
cessful conclusion.

After several years of basic research on neutronics
and materials, PSI produced, in 1999, Pu-containing
IMF in the a-cells of the Hot Lab. During 2000, the
material was packed and shipped to the aforemen-
tioned partners for irradiation. In the Halden reactor, a
heavily instrumented rig, with three IMF rods and
three MOX rods for comparison, was irradiated. The
irradiation began at the end of June 2000, and
showed good agreement between measured and
predicted temperatures. The IMF showed strong re-
sintering in the centre of the fuel, while the outer ge-
ometry and therefore the fuel temperatures, remained
unaffected. Calibration measurements at beginning of
cycle and at end of cycle revealed the accuracy of the
predicted depletion function for the IMF used. The
next irradiation cycles will now be performed at higher
linear heat rates, to generate data on restructuring
and fission gas release.

The IMF irradiation test at the HFR in Petten provides
information on the influence of the distribution of the
fissile material in a spinel-matrix; this matrix should
provide better thermal conductivity. First results are in
line with predictions. Further investigations (neutron
radiography, modification of the position in the reac-
tor) are also foreseen.

Critical experiments in the PROTEUS facility have
provided valuable information on the physics charac-
teristics of IMF. A paper presented at an International
Conference in Strasbourg reported on the first ex-
perimental neutronics results for IMF.

LWR PROTEUS

This project, conducted with the support of the Swiss
utilities and the NPP operators, aims at gathering
experimental data to validate computer codes used for
analysis and design of modern fuel assemblies and
core configurations. In this way, it is possible to re-
duce uncertainty margins, and to achieve an optimal
use of fuel and plant. An important aspect of the pro-
ject has been the use of commercial fuel elements
which are going to be used later in Swiss nuclear
power plants; this adds to the realism of the project,
and helps minimize disposal costs.

During the year 2000, the first phase of the project
was concluded. In particular, the Westinghouse
SVEA-96+ fuel element was studied: its design is
considered one of the most complex, due to the wide
spread of different radial and axial uranium enrich-
ments, the large number of burnable absorber fuel
rods, and the presence of cruciform- and diamond-
shaped internal water regions. In addition, it exhibits a
layout with interacting gadolinia fuel rods—the so-
called "gadolinia clusters"—which impose severe diffi-
culties for code modelling.

Very good agreement has been obtained between
calculated and measured pin power distributions. Dis-
tributions obtained with the codes HELIOS and
CASMO-4 showed average discrepancies compared
with measurements: of the order of 1.1% for unper-
turbed conditions with full-density water moderation.
This demonstrates that the codes are capable of
modelling the complex assembly geometry, and of
verifying the safety margins used in relation to linear
heat generation rates. Some previous observations
reported elsewhere were now identified as being clear
trends as a result of the small statistical errors in the
gamma-scans performed: for example, the under-
prediction of the total fission rate in burnable absorber
fuel rods.

The sensitivity of important parameters to typical de-
partures from nominal conditions has also been inves-
tigated. For example, it has been verified experimen-
tally that a difference in the sub-bundle position from
the central canal of just 250 |jm is enough to produce,
in the (relatively well-moderated) lower part of the
assembly, a redistribution of power in certain fuel rods
of up to 2.4%

STARS

The STARS project is conducted in co-operation with
the HSK, and with their financial support. The 3rd

phase of the project was concluded in 2000, and dealt
with the analysis of operational transients and postu-
lated accident sequences in the Swiss NPPs using
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state-of-the-art computer codes and detailed reactor
physics and thermal hydraulics system models.

In the past, the quality of vapour formation and trans-
port models used in the thermal-hydraulic codes used
in STARS was assessed in terms of the models for
the steady-state void fraction (fraction of volume oc-
cupied by vapour in two-phase flows). Many of the
models and correlations used in thermal-hydraulic
system codes such as RETRAN-3D, or in sub-channel
codes like VIPRE-02, to predict sub-cooled and satu-
rated void fraction distribution in heated channels
were developed from, and validated against, steady-
state experimental data; there was limited availability
of transient data. It is important therefore to assess
the ability of the models to predict transient vapour
formation and transport along heated channels, since
the codes are usually applied to the analysis of tran-
sient scenarios in nuclear power plants.

Recently, very precise transient experimental data
from the Japanese Nuclear Power Engineering Corpo-
ration (NUPEC) became available in the open litera-
ture. These experiments were performed in a full-
length 5x5 section of a typical Japanese PWR 17x17
fuel rod bundle, and in a shorter (1.5m) single sub-
channel. System pressure, inlet temperature and inlet
mass flowrate were varied, and averaged void fraction
measurements were made at the top of the experi-
mental channels. The experimental data were used by
the STARS team to analyse and assess the accuracy
of the predictions using RETRAN-3D and VIPRE-02.

The results of the analyses showed that models origi-
nally developed mainly from steady-state conditions
give rather good predictions for transient void fraction
generation and transport. The comparisons with ex-
perimental data are good for transients in which the
change in system conditions is relatively slow (hun-
dreds of seconds) and which therefore could be con-
sidered as a 'quasi-steady state', but also for tran-
sients which develop relatively fast (substantial varia-
tions of system parameters in a few seconds). The
only exception is the case in which the inlet sub-
cooled liquid flowrate is increased, and transient over-
cooling and condensation of the vapour near the wall
occurs.

The most accurate predictions at the high pressures
used in the experiments (15.5 MPa), especially for
relatively slow transients in sub-channels, were
achieved with RETRAN-3D when both phases were
forced to flow at the same speed, i.e. by setting the
so-called slip ratio to one. This finding agrees with
many experimental observations reported elsewhere.
Therefore, care should be taken when interpreting
results from thermal-hydraulic analysis codes which
predict void fraction profiles at high pressures if the
slip ratio is substantially different from unity.

Major differences were observed between the calcu-
lated and measured void fractions at the top of the
bundles. The most likely reason for these discrepan-
cies is the influence of the spacer grids on the axial
void profile. None of the codes used currently within

the STARS project can simulate this effect. Thus, for
applications in which an accurate void fraction tran-
sient profile is important, e.g. for coupled neutronics
and thermal-hydraulics transients, reflooding tran-
sients, etc., the modelling of the influence of the
spacer grids on the void fraction distribution could
provide more accurate predictions.
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The Figure shows a comparison of computed and
experimental results for void fraction variation during a
temperature transient in a sub-channel.

ALPHA

In the current, 3rd phase of the ALPHA project, focus
is placed on the experimental and analytical investiga-
tion of the long-term decay heat removal from con-
tainments by passive means. However, more generic
aspects of thermal hydraulics, the applications to ex-
isting reactors, and the further development of existing
computing tools, has also increased in importance
and scope. During 2000, six projects within the 5th EU
Framework Programme were approved, and have
since begun. ASTAR and EUROFASTNET aim at
identifying shortcomings, necessary improvements
and development needs of the currently available
analytical tools for LWR safety analysis. HPLWR aims
at assessing the merit and economic feasibility of a
high-efficiency LWR operating in the thermodynami-
cally supercritical regime. The objective of the the-
matic network CERTA is to provide a consolidated
framework for the long-term preservation of databases
derived from those integral system experiments which
are also required for the development and assess-
ment of future LWR safety analysis tools.

The project NACUSP addresses stability issues in
BWRs, and has the final goal of improving the eco-
nomics of operating and future plants through higher
flexibility, enhanced availability, and increased confi-
dence levels in regard to stability-related safety mar-
gins. Natural circulation stability under low-
pressure/low-flow conditions is a key issue in most of
the advanced BWRs with respect to the start-up proc-
ess, and for the long-term cooling of the reactor core.
PSI contributions include the investigation of the natu-
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ral circulation characteristics in the large-scale facility
PANDA, pre- and post-test analyses with general-
purpose, thermal-hydraulic system codes, and the
analysis of specific aspects of the experiments with a
Computational Fluid Dynamics (CFD) code. With re-
spect to the stability of current BWRs, more detailed
analytical investigations of instability events in three
operating plants (including Leibstadt) will be under-
taken, assessment of the codes used for addressing
stability issues will be performed, and new, efficient
analytical tools for stability analysis will be developed.

Accurate prediction of containment pressure tran-
sients during severe accidents requires capabilities for
modelling 3D effects such as mixing and stratification,
since these strongly affect the performance of passive
cooling systems. Modern CFD codes, but also other
advanced modelling techniques, have the desired 3D-
modelling capabilities. The EU-project TEMPEST
focuses on the validation and improvement of ad-
vanced modelling methods for evaluating pressure
safety margins for BWR containments. A new data-
base will be generated by means of complementary
integral and separate-effects tests with improved and
more detailed instrumentation, in particular with re-
spect to three-dimensional phenomena. In the analyti-
cal part, the main emphasis is placed on the validation
of CFD codes using the new database, as well as
existing data, and the development of corresponding
modelling guidelines. PSI will perform integral system
tests in PANDA and provide analyses for these and
related separate-effects tests using the GOTHIC and
CFX codes. The know-how gained from the TEM-
PEST project will not only be directly applicable to
passive BWR designs, but will also be relevant to all
current pressure-suppression type BWRs, and the
validated analytical tools will generally improve the
reliability of detailed analyses of containment systems.

The International Standard Problem ISP-42, con-
ducted by PSI under the supervision of the OECD/
NEA-CSNI, and with financial support from PSEL, is
based on a series of PANDA tests involving six dis-
tinct phases. These covered several issues relating to
design-basis accident (DBA) and beyond DBA
(BDBA) scenarios. The tests were designed to evalu-
ate the performance of computer codes in modelling
the long-term behaviour of passive safety systems
under various conditions. Nine organizations from
eight countries submitted "blind" (i.e. pre-test) calcula-
tions. A Workshop, involving 20 participants, was or-
ganized at PSI in July 2000 to compare the calcula-
tions against experimental data. A comprehensive
draft comparison report, including all 49 submitted
calculational results, was presented and discussed
with the participants at the Workshop.

A large number of physical parameters were selected
for comparison. In general, most of the predicted re-
sults were in quite good agreement with test data, and
the reasons for the remaining differences were identi-
fied. The experimental data were distributed to all ISP-
42 participants for analysis, and various post-test cal-
culations were subsequently carried out. The submis-

sion of 26 post-test calculations by the end of Decem-
ber 2000, from eight organizations, confirmed the
international interest in the exercise.

The project SETH was defined following a recom-
mendation of the OECD/NEA-CSNI SESAR-FAP
group, together with GRS/Siemens (PKL test facility).
The main contribution of PSI comprises a series of
PANDA tests to investigate generic 3D mixing and
stratification phenomena in multi-compartment ge-
ometries for the validation and improvement of sys-
tem, containment and CFD codes. The project re-
ceived approval for financial support from 14 OECD
member countries; minor project adaptations and final
contract negotiations are currently underway.

Severe Accident Research

These activities, which receive financial support from
the Swiss utilities, also take place within the 5th EU
Framework Programme. They aim to provide a better
understanding of the phenomena which could occur in
the course of postulated severe reactor accidents:
specifically, the radioactive releases to the environ-
ment (source terms) to be estimated more accurately,
and the existing or proposed accident management
procedures to be assessed more reliably.

Spontaneous or induced SGTRs (steam-generator-
tube ruptures) occurring during a design-basis or se-
vere accident, may cause a high activity release into
the environment if containment by-pass occurs simul-
taneously. The project ARTIST will investigate all rele-
vant aspects of aerosol and iodine retention in the
secondary side of a PWR steam generator (Frama-
tome design) under prototypical conditions. An ex-
perimental project in six phases has been defined and
submitted to potential international partners. Specific
comments received in the form of Letters of Intent
have been incorporated in the proposed programme.
ARTIST is complementary to the SGTR project within
the 5th EU Framework Programme, and will be con-
ducted after completion of the latter.

SGTR also deals with accident management aspects
of steam-generator-tube rupture during severe core
damage scenarios. The effectiveness of accident
management measures, as implemented in the se-
vere accident management (SAM) guidelines in west-
ern PWRs and VVER400s, will be investigated ex-
perimentally. Further, a database will be established,
and used in the development of models to predict the
aerosol retention behaviour in the secondary side of
the steam generator. Four experiments will be con-
ducted at PSI to investigate the aerosol retention
characteristics of the bundle section of a PWR steam
generator. This large-scale facility will be put into
operation early in 2001.

The EU project ICHEMM deals with important unre-
solved issues associated with iodine chemistry. For
example, how to mitigate organic iodide generated in
a reactor sump during a severe accident, and to se-
cure the generated volatile iodine in a form which
inhibits its transfer to the containment atmosphere.
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PSI will establish an experimental database on the
destruction kinetics of the organic iodide in the pres-
ence of certain additives to ensure effective destruc-
tion and fixation of the iodine produced under proto-
typical sump conditions.

The EU projects COLOSS and PHEBEN are linked
with the PHEBUS FP project. COLOSS will provide
separate-effects and integral data for the melting and
oxidation behaviour of B4C control rods, and bundles
containing such control rods, as complementary in-
formation to the PHEBUS test FPT3. Within the PHE-
BEN project, post-test analyses of some PHEBUS
tests will be carried out, and the use of PHEBUS data
for plant applications will be assessed. The PSI con-
tribution comprises analyses for planning, a post-test
calculation of a COLOSS integral test, as well as the
use of the latest code versions for BWR application. In
addition, a B4C control rod model is under develop-
ment, and will be introduced into the MELCOR code
for plant applications.

A considerable part of the experimental programme
on the radiolytic stability of Agl, performed in the
framework of the Swiss in-kind contributions to the
PHEBUS FP project, has now been completed. The
silver which would be released from Ag-ln-Cd control
rods during a severe accident was believed to be an
effective sink for capturing iodine released into the
PWR sump. PSI experiments, on the contrary, have
established the conditions under which the stability is
hindered due to radiolytic decomposition under p-
irradiation. The goal of these investigations is to de-
velop a model for the PSI code IMPAIR3. The code
computes the iodine behaviour in the containment,
and has been used for more than a decade by various
international organizations.

LWR Water Chemistry

The subject of this project, conducted with financial
support from the HSK, is the investigation of the role
of water chemistry in reactor systems on the activity
uptake, and the ageing behaviour of components.

During the year 2000, the experimental facility, includ-
ing a new system for data acquisition, was enlarged in
order that high temperature experiments under Hy-
drogen Water Chemistry (HWC) conditions could be
performed. This technology is basic to all investiga-
tions on the new approach of noble metal chemical
addition in BWRs. The dependence of the electro-
chemical potential on the surface coating of stainless
steel samples with platinum, under HWC conditions,
and with various stoichiometric ratios of H2 and O2 in
the reactor water, could be measured.

Regarding the problem of radioactive contamination of
oxides with Co-60, detailed SIMS analyses and pho-
toelectrochemical investigations have been per-
formed, and the distribution of cobalt and zinc ions in
corrosion scales formed on stainless steel under BWR
conditions, and their impact on the semi-conductive
properties of these oxides, has been measured. The
aim of this work is to determine the diffusion coeffi-

cients) of Co in these oxides, and to characterize
their semi-conductive properties. The SIMS results
are promising in that they allow the Co transport in
oxides to be pedicted using a diffusion model. The
photoelectrochemical analysis shows a complicated
change of the semi-conductive behaviour of the oxide
layer from p-type to n-type in the presence of Zn dur-
ing oxidation. However, the oxide layer remains p-type
if only Co is added to the water. The new photoelec-
trochemical device is available for the investigation of
semi-conductive properties of oxide films. Comple-
mentary to this investigation, a diploma-level project
on corrosion layers of zircaloy was successfully com-
pleted.

In collaboration with the research department "Gen-
eral Energy" (ENE) at PSI, a comparison of corrosion
scales formed under BWR conditions, and in air at
300°C, is underway. XPS analysis has demonstrated
that, during oxidation in air, a two-layered oxide scale
is formed on the steel samples. Each layer follows a
linear growth law: the inner layer is formed rapidly and
the outer layer very slowly. The outer layer consists
almost exclusively of Fe-oxides, whereas Cr, Ni and
Mo are found only in the inner oxide layer. In the
presence of water or steam, enhanced oxidation is
observed (by a factor 10 for wet steam and water, and
by a factor 5 for dry steam). Furthermore, Cr and Ni
are present at the sample surface in different kinds of
oxides. For thicker oxide layers, the layer develop-
ment is more complex, and reflects possibly a quad-
ratic growth law with "breakaway oxidation".

EDEN

The project EDEN (development, application and
evaluation of post-irradiation examination) focuses on
the investigation of the mechanical behaviour and
corrosion mechanisms of zircaloy fuel-rod cladding at
high burn-up and long in-reactor exposure, as well as
on the effects of radiation on structural materials. The
studies are conducted in a number of projects, partly
supported by Swiss utilities and vendors.

The research project on the mechanical behaviour of
high burn-up fuel-rod cladding using tensile and burst
tests has been completed. It was shown that the duc-
tility of the Zircaloy cladding is strongly affected by the
combined action of irradiation and H2, being drasti-
cally reduced. The H2 is taken up during the corrosion
process, and is precipitated as hydrides. Up to a flu-
ence of 1022 n/cm2 (E>0.8 MeV), and 1200 ppm H2,
the strain to failure remains above about 1%, which is
an accepted design limit. The influence of local hy-
dride accumulations on the fracture mechanism still
needs to be analysed in order to understand the fail-
ure process.

The investigation on the corrosion mechanisms for
Zircaloy covered the aspects listed below:

• Analysis of the Li distribution in the oxide of ad-
vanced alloys. An enrichment of Li on the metal
surface leads to an accelerated corrosion. The
SIMS profiles show, however, a decrease of the Li
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concentration on the phase boundary. The meas-
urements were found to be in good agreement
with the XPS results obtained by the CEA.

• Investigation of the Zircaloy metal/oxide interface
by high resolution TEM to obtain information on a
possible barrier layer which controls the corrosion
process. Unexpectedly, no tetragonal phase was
found in the interface of autoclaved specimens,
due perhaps to the specimen preparation; this
makes additional investigations necessary. The
lattice deformation indicates compressive stresses
up to 1500 MPa in the oxide at the phase bound-
ary.

• Studies of Zircaloy corrosion by electrochemical
impedance spectroscopy (EIS) under reactor wa-
ter conditions. A doctoral thesis focussing on the
development of an EIS method for high tempera-
ture and high-pressure applications was success-
fully completed. The technique enabled the corro-
sion process to be followed in-situ for up to 100
days.

The investigation of the performance of fuel rods is
aimed at the behaviour of a MOX-fuel, which was
exposed in a Swiss reactor for the first time. The rods
operated at a high power density and, after two cy-
cles, showed the expected behaviour. The fission gas
release rate was in agreement with the burn-up ex-
perienced. The investigation will be continued to
higher burn-ups.

The occurrence of failures for some fuel rods during a
power transient due to a control blade manoeuvre has
raised some concern about the validity of the operat-
ing limits for barrier fuel, which are supposed to be
particularly resistant during such transients. The in-
vestigation of the failed fuel rods in the Hot Lab, how-
ever, has revealed manufacturing defects as the root
cause of the failures. In the case of a degraded rod
exhibiting a long axial split, a tubing reduction flaw
was found at the origin of the crack. The damaged
inner liner allowed the fission products to reach the
bulk material, which resulted in an iodine-induced
stress corrosion cracking (SCC). The second rod
showed only an incipient crack. Careful metal-
lographic preparation of the cross-section revealed
that a damaged pellet with a missing surface had
been loaded which, during the power transient, in-
duced sufficient local stresses and pellet-cladding
interaction (PCI) to instigate SCC. The investigation
thus confirmed the validity of the operating limits for
this type of fuel rod: no additional restrictions have to
be implemented to ensure safe operation.

In the field of structural materials, a proposal has been
accepted within the 5th EU Framework Programme to
investigate the effects of irradiation on residual
stresses, and the microstructure of stainless steel
weldings, in order to gain information on the IASCC
susceptibility of such materials.

Structural Integrity

The research programme, co-sponsored by the HSK,
and falling within the 5th EU Framework Programme,
is aimed at supporting the safe operation of the Swiss
NPPs by improving the prediction of the remaining
life-time of components. The programme covers struc-
tural integrity of heavy-section steel components un-
der the influence of thermo-mechanical loads, envi-
ronmental damage, and irradiation. Two ageing phe-
nomena are currently investigated:

• Environmentally-Assisted Cracking (EAC) of low-
alloy steel under transient LWR operation condi-
tions;

• Thermal Fatigue (THF) in austenitic piping steel
caused by thermal stratification in PWR surge
lines.

Cracks might initiate and grow in low-alloy steel by
EAC under the synergistic effect of the reactor coolant
and thermo-mechanical operational loads. An experi-
mental parameter study was performed to character-
ize the EAC susceptibility of low-alloy reactor pressure
vessel (RPV) steels under steady-state, BWR opera-
tion conditions and normal water chemistry (NWC).
Modern, high-temperature water-loops, sophisticated
on-line, crack-growth monitoring methods, and fracto-
graphic analysis by SEM, were all used to quantify the
EAC response. The investigated RPV steels revealed
no sustained crack growth under purely static loading
conditions over a wide range of loading and environ-
mental conditions as long as small-scale yielding con-
ditions prevail at the crack tip, and the water chemistry
is maintained within current operating practice (EPRI
water chemistry guidelines). However, fast and sus-
tained crack growth cannot be excluded for faulted
water chemistry conditions (above EPRI action level
3), and for a positive strain-rate at the crack tip. In
contrast to steady-state power operation, distinct
strain-induced corrosion cracking and corrosion fa-
tigue susceptibility were observed under transient
BWR operation conditions.

In the current In-Service Inspection (ISI) practice for
vessels and piping, there is no method to detect fa-
tigue cracks in early phases of crack initiation and
growth. With regard to leaks in the pressurised water
pipes of NPPs caused by THF, the deformation-
induced formation of martensite in metastable austen-
itic steels has been investigated. Different usage fac-
tors (amount of time to crack initiation), strain ampli-
tudes and temperatures were applied to a series of
hour-glass specimens. The microstructural investiga-
tions using metallography, as well as neutron and X-
ray diffraction, are primarily intended to analyse the
martensite distribution in the test specimens. Both
applied magnetic techniques, stray-field and eddy-
current measurements were able to detect martensite
in early phases of the fatigue crack initiation process.
At room temperature, the eddy-current technique was
able to detect THF down to a usage factor of 60%,
and the stray-field measurements down to 80%. No
significant differences in measuring signals for these
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techniques were found for usage factors less than
60%, which corresponds to the results obtained by
neutron diffraction experiments. At temperatures be-
tween 100°C and 300°C, martensite gives a sufficient
signal for the phase of macroscopic crack formation
(usage factor 100%).

All applied methods allowed the detection of marten-
site in early fatigue stages. While the amount of mart-
ensite could be quantified with the diffraction methods,
the magnetic techniques yield only relative results.
Neutron diffraction is the only method available for
obtaining the absolute value of martensite content in a
specimen section covering the entire thickness. It was
shown that the content of martensite depends on the
usage factor, so can be used as an indicator for the
degree of THF ageing. Further, the investigations
showed the existence of thresholds for the cycle num-
ber and total strain amplitude to form deformation-
induced martensite. These thresholds are useful when
examining industrial components under service condi-
tions. For practical application, eddy-current meas-
urements, in combination with neutron diffraction in-
vestigations, are recommended. The correlation be-
tween the usage factor and the NDT signal was
clearly demonstrated, which is rather promising for
future investigations.

Waste Management

The waste management activities at PSI are per-
formed on behalf of the Federal Government, which is
responsible for nuclear wastes from the medicine
industry and research, and is in close cooperation with
Nagra, which also provides considerable financial
support. The work aims at strengthening the scientific
basis of nuclear waste management. The fields of
competence are repository system chemistry and
geosphere transport of radionuclides, including retar-
dation. Many of the activities are generic, as they deal
with trace element behaviour in natural environments;
however, the applications are in the field of nuclear
waste management.

In the reporting period, international co-operation was
further strengthened, in particular through participation
in projects within the 5* EU Framework Programme
(ACTAF, FEBEX-II, ECOCLAY-II, GLASTAB). The
first three deal with geochemistry of actinides and
fission products, such as speciation in the aqueous
phase, and interactions at the liquid-solid interface;
GLASTAB deals with waste glass corrosion.

A main topic during 2000 was the evaluation and
compilation of databases for the forthcoming feasibility
demonstration for the disposal of high and long-lived
medium level wastes and spent fuel in Opalinus clay.
Firstly, thermodynamic data for safety relevant ele-
ments were reviewed. Such data are necessary for
the derivation of solubility limitations in the repository,
and are also needed for sorption modelling. Secondly,
sorption databases were evaluated and compiled.
Sorption is a measure of the immobility of the element
concerned and, as such, is important for the descrip-

tion of the release and transport of radionuclides. The
databases produced are for a cementitious near-field,
for a bentonite backfill, and for undisturbed as well as
pH-plume-disturbed opalinus clay. All this work prof-
ited considerably from past and ongoing investigations
on the interactions of metals at the liquid-solid inter-
face. This experimental and theoretical work has
helped to reduce conservatism in the previous data-
bases, and to define project-specific error estimates.

A second topic in the context of disposal of wastes in
opalinus clay is an integrated migration experiment at
the Mont Terri Rock Laboratory. The field experiment
(Dl-A) is part of the Mont Terri Project including, in
addition to Nagra, foreign partners: namely, En-
resa/Ciemat (E), and IPSN (F). The design for passive
long-term diffusion experiments has been evaluated,
as well as a series of tracers for a first phase (3H, I,
Na and Cs). These field experiments are comple-
mented by laboratory experiments on sorption and
diffusion in opalinus clay samples. Newly developed
diffusion and sorption cells of small size allow for
simulation of overburden pressure and experiments in
glove boxes. The aim here will also be to elucidate
transferability of data from Mont Terri to the region in
Northern Switzerland considered for a repository.

The Hot Lab

The Hot Lab, one of PSI's large research facilities, is
operated by the Laboratory for Materials Behaviour
(LWV) and used to characterize properties of highly
active components of reactor cores and accelerator
targets (projects EDEN, Advanced Fuel Cycles,
MEGAPIE). In addition, the Hot Lab provides the nec-
essary facilities for Waste Management research, and
the study of liquid-metal-target window precursor ma-
terial and "first wall" fusion reactor test samples.

After thorough planning, the Hot Lab refurbishment,
which significantly improves the laboratory's safety
standards with respect to fire protection, radiology and
earthquake safety, has begun. Finally, the new elec-
tronic fissile material accounting system has been
taken into operation, and the LWV passed a repetition
quality audit.

Work for other Large PSI Facilities

During 2000, the PSI management approved the Mi-
croXAS beamline project, and decided that this beam-
line would be the next one to be built at the SLS facil-
ity (currently 4 beamlines are under construction). The
MicroXAS project is the result of a joint effort by the
Swiss XAS User Community for an X-ray absorption
spectroscopy (XAS) beamline, and is supported by a
large number of research groups from Universities
and National Research Laboratories in Switzerland
and other European countries. From a technical
standpoint, MicroXAS will be based on an in-vacuum
undulator, and will deliver a highly brilliant photon flux
for micro-XAS studies and micro-fluorescence analy-
sis in the hard X-ray regime (2.5 -17 keV). It will allow
also for measurements of encapsulated radioactive
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samples with very little active material, the sample
preparation being made in the Hot Lab. The project
officially started in the autumn of 2000 with a kick-off
meeting. NES is responsible for the MicroXAS project
and, at present, 2 scientists from the waste manage-
ment laboratory are leading the work. The beamline
design, construction and operation will be undertaken
in close collaboration with the SLS team. In 2001, the
beamline layout will be specified in collaboration with
the optics group at the Advanced Light Source (ALS)
in Berkeley, USA. In 2002, the components will be
evaluated (a call for tenders) and, in 2003, the beam-
line will be constructed and commissioned. The esti-
mated cost of this beamline is about 5 million CHF.

NES is also actively participating in the development
of a liquid-metal target for PSI's spallation source
SINQ, in the framework of the MEGAPIE (Megawatt
Pilot Experiment) project. This is a joint initiative by six
European research institutions to design, build, oper-
ate and explore a liquid lead-bismuth spallation target
for 1 MW beam power. This experiment is also an
important contribution to the development of an "Ac-
celerator-Driven (Subcritical) System" (ADS) for waste
transmutation. As it is not possible to reproduce the
beam-heating effect experimentally, heavy reliance
has to be placed on numerical modelling of the flow
dynamics to ensure target coolability and structural
integrity of components. NES provides R&D support in
specific areas such as:

• thermal-hydraulics, structural-mechanics model-
ling and instrumentation;

• assessment of radiation effects on material prop-
erties, in particular fatigue, in view of the possibil-
ity of damage monitoring of safety-related com-
ponents;

• target handling and Post-Irradiation Examination
(PIE), covering inspection, dismantling, sample
extraction and assessment of mechanical and
microstructural/chemical properties of the highly
stressed components;

• project coordination.

National and International Collaborations

All NES activities are intensively and specifically em-
bedded in national and international collaborations. At
least one of the two Swiss Federal Institutes of Tech-
nology (ETHZ, EPFL) is always (and often contractu-
ally) a partner; all NES projects are also linked to one

or more EU-projects. All important European research
centres (CEA, FZJ, FZK, FZR, NRG, SCK, VTT,
JRCs), as well as the most important ones in the USA
and in Asia (EPRI, JAERI, KAERI), are direct partners
in several projects. NES is a highly regarded and sub-
stantial partner in international activities within the
IAEA and the OECD/NEA. In regard to industry, one
can find, along with the domestic utilities (UAK), all
important reactor and fuel manufacturers (GE, Frama-
tome ANP, Westinghouse, Cogema, BN, JNC) as
paying partners. The following table gives an overview
of the international partners associated with each
project.

HRA: 5th EU-FP, GRS (D), OECD/CSNI

GaBE: 5th EU-FP, OECD/NEA and OECD/IEA,
IAEA-Programmes, ABB-CETP (USA),
MIT (USA); Univ. of Tokyo (J)

Advanced Fuel Cycles: 5th EU-FP, CEA (F), JAERI
(J), JNC (J), OECD/NSC and
OECD/Halden (N), NRG (NL)

LWR-PROTEUS: CEA (F), Westinghouse (USA),
Studsvik (S), Siemens NP (D), Scand-
power (N)

STARS: 5th EU-FP, Purdue Univ. (USA), EPRI
(USA), GRS (D)

ALPHA: 5th EU-FP, EPRI (USA), GE (USA), Sie-
mens NP (D), OECD/CSNI

Severe Accidents: 5th EU-FP, EPRI (USA), USNRC
(USA), Framatome (F), CEA (F), AEA
Technology (UK), FZK (D), GRS (D), Sie-
mens NP (D)

LWR Water Chemistry: IAEA, VGB (D)

EDEN: 5th EU-FP, Westinghouse (USA),
EPRI/NFIR (USA), COGEMA (F), CEA (F),
IPSN (F)

Structural Integrity: 5th EU-FP, FZK (D), Siemens
NP (D), MPA-Stuttgart (D), IAEA, VTT
(FIN), CEA (F)

Waste Management:: 5th EU-FP, FZK (D), FZR (D),
CEA (F), JNC (J)
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USE OF EXTERNAL COST ASSESSMENT AND MULTI-CRITERIA DECISION
ANALYSIS FOR COMPARATIVE EVALUATION OF OPTIONS FOR ELECTRICITY

SUPPLY

St. Hirschberg, R. Danes, U. Gantner

The paper addresses external cost and multi-criteria analyses carried out for selected future electricity
generating systems of interest under the Swiss conditions. The external cost estimates are based on an
application of the "impact pathway aproach", enhanced by earlier experience from extensive Life Cycle
Assessment (LCA). The estimated total costs, i.e. the sum of internal and external costs, may serve as a
measure of economic and environmental efficiency of energy systems. The multi-criteria approach allows
a more explicit consideration of the social dimension, which is highly important for the decision-making
process. The applications of multi-criteria analyses illustrate the sensitivity of the results to the range of
preferences expressed in the energy debate. Certain patterns in system ranking can be observed in spite
of these sensitivities. Both total cost assessment and multi-criteria analysis are found to be useful, com-
plementary instruments to support procedures for decision-making.

1 INTRODUCTION

Costs of energy production have two components:
internal (production costs) and external. The non-
internalized damage to the environment and to
health are referred to as external costs, as they are
currently not reflected in the market price of electric-
ity. External cost estimates, if accepted by decision-
makers, are highly attractive as directly comparable
measures of system performance. It has been pro-
posed by some authors that the total system-specific
cost of energy production can serve as an inte-
grated, relative indicator of sustainability, since it
reflects the economic and environmental efficiency
of energy systems (e.g. [1]). One objection to this
proposition is that the social dimension, which plays
a central role in the decision-making process, does
not come to the surface when systems ranking is
based purely on costs. Taking nuclear power as an
example, issues such as high-level, long-lived radio-
active waste, hypothetical severe accidents and
proliferation contribute only marginally, or not at all,
to the external costs. At the same time, such issues
remain controversial, and depend on the socio-
political perspectives of those involved; these can be
of very high importance for the decision process.

A number of criticisms of the cost-benefit analysis,
including its extended version employing the so-
called "contingent valuation" (used within the exter-
nal cost accounting framework), have been summa-
rized in [2].

The multi-criteria approach acknowledges that the
questions to be answered are somewhat beyond the
"analytical fix". At the same time, the application of
multi-criteria decision analysis allows extensive use
of the acquired knowledge on systems performance
in a process which is also open to the accounting of
values. Using such a procedure, one can arrive at
different best options under various socio-political
perspectives [3].

Both total-cost-assessment and multi-criteria ap-
proaches were applied to compare analyses of se-
lected candidate systems for the future electricity
supply in Switzerland. In this context also, some

evaluations addressing systems performance under
the sustainability constraint were carried out.

2 CHARACTERISTICS OF FUTURE TECH-
NOLOGIES

At present, the Swiss electricity supply system is
based on hydro and nuclear power, with very minor
contributions from fossil fuels. This means that the
current electricity generation is practically CO2-free.
Various technological alternatives are being consid-
ered as potential replacements of the currently op-
erating nuclear power plants following their
(planned) final shut-down. These include: Coal
(Pressurized Fluidized Bed Combustion, PFBC), Oil
(Combined Cycle, CC), Gas (CC), Nuclear (Evolu-
tionary LWR Designs), Hydro (Large Dams), Solar
(Amorphous Photovoltaic (PV) Roof Panels), and
Wind (Wind Turbines). It should be noted that hydro
power has a very limited expansion potential in
Switzerland while, given strong promotion and ac-
ceptance of the associated cost increases, solar and
wind energy could, in the next 20-30 years, contrib-
ute together up to 1% of the total electricity mix.
Expansion of renewable energy is consistent with
the commitment to the reduction of Greenhouse Gas
(GHG) emissions: a central goal of the Swiss energy
policy. This goal is hard to reconcile with large
expansion of fossil-based generation, which would
be the practical consequence of abandoning nuclear
power in the future. It is essential to keep this aspect
in mind when contemplating the results of evalua-
tions which are here based on a very broad set of
criteria.

Table 1 summarizes some central, technological,
environmental and economic parameters for the
selected reference options. Technological advance-
ments expected to be achieved in the next 10-20
years have been credited on the basis of extensive
input received directly from major power plant manu-
facturers, and on our own studies. The assumptions
are fully realistic for most systems, and tend to be on
the optimistic side for PV with regard to environ-
mental performance and costs. On the other hand,
for wind energy, a somewhat better performance
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could be feasible given use of units with higher
power level. The cited emissions are based on very
detailed Life Cycle Assessment (LCA), reflecting the
Swiss-specific conditions in terms of the structure of
energy chains (geographical location of various
chain stages, material production, transport, compo-
sition of electricity inputs), as well as climatic condi-
tions of relevance for the renewable systems [4].
Remarkable emission reductions are achieved in
comparison with currently operating fossil and PV
systems.

Table 1 : Technical parameters, LCA-based emis-
sions and generation costs of future sys-
tems (mainly following [4,5]).
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The emissions are divided into two parts: the direct
ones from the power plant itself (given under "Power
Plant"), and the direct ones from other stages, plus
the total indirect ones from the whole chain (given
under "Rest of the Chain").

3 EXTERNAL AND TOTAL COST ESTIMATES

The external cost estimates are based on applica-
tions of the "impact pathway approach", established
in the EU ExternE Project [6]. The pathways of pol-
lutants are followed from the point of release to the
point where damage take place. Quantification of
health and environmental impacts is achieved
through the damage function. The calculations for
fossil power plants were performed using the single-
source version of the EcoSense software [7]. These
plants were all assumed to be located at the site of
one of the currently operating nuclear power plants.
Since, as a result of spectacular power plant per-
formance improvements, emissions of SOx, NOx
and particulates from other energy chain stages,
together with the indirect ones, dominate over the
direct emissions from power plants (also in the case
of fossil systems), particular attention has been
given to the associated damage. In this context,
given very detailed background in terms of the avail-
able LCA inventory studies, it was possible to quan-
tify the dominant contributions, taking into account

the specific structure of the chains (i.e., geographic
location of various stages, material production,
transport, and composition of electricity inputs). This
information is used for the estimation of impact-
relevant pollutant emission proportions, and the
associated damages are then calculated using the
normalized (per ton), pollutant-specific damage
costs.

Figure 1 shows the resulting external environmental
costs covering public health damage, and damage
to crops and materials [8]. The dose-response func-
tions for health effects due to major pollutants used
in these calculations are identical to those originat-
ing from the ExternE Project [6]. The same applies
to the highly uncertain impacts of global warming,
based on the results obtained in ExternE using the
FUND 1.6 and Open Framework models [9]. The
considered global warming impacts include: health,
agriculture, water supply, sea level rise, ecosystems
and biodiversity, and extreme weather events. The
range of values shown for global warming is re-
garded as "illustrative": i.e., it does not reflect the full
uncertainty range. In the present analysis, occupa-
tional health impacts were not included. Also, local
disturbances, such as noise or visual amenity, which
may be particularly important for hydro and wind
technologies, were not quantified.

For comparison, total costs for the current systems
are shown in Fig. 2 [10]. Ranges provided for the
production costs reflect the actual differences be-
tween plants operating now in Switzerland. For coal
and gas plants, the expected direct costs are those
which would arise if the plant would be built in Swit-
zerland today. The ranges for external costs are
valid for current (mostly modern) technologies in the
EU for various conditions (location, meteorology,
population density). The ranges are also expected to
bracket the Swiss conditions. The set of dose-
response functions, and the global-warming damage
estimation models, are the same as in Fig. 1.

Recently, a new set of dose-response functions for
the major air pollutants has been published [11], and
subsequently adopted in Ecosense [7]. It is based
on the same US study by Pope et al. [12] as the
previous one, but the appropriate adaptation to
European conditions has led to significantly lower
impacts, particularly for chronic mortality. Further-
more, new results have been reported for global
warming damage, and these have been recom-
mended for use in external cost assessments [13].
Also in this case, in comparison with earlier results,
lower impacts are estimated. Implementation of
these new findings for the Swiss conditions, and for
future technologies, leads to the results shown in
Fig. 3.

The use of the new dose-response functions for
combustion products (including secondary particu-
lates) reduces the corresponding damages by typi-
cally a factor of 2.5. There is also a strong reduction
in external costs due to global warming, though this
part remains somewhat speculative.
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Fig. 1: Internal and external (environmental) costs
for future electricity supply systems operat-
ing under Swiss conditions [8]. This set of
results employs dose-response functions for
major pollutants, and global warming dam-
age estimates from ExternE 1998 [6,9].
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Fig. 3: Internal and external (environmental) costs
for future electricity supply systems operat-
ing under the Swiss conditions. This set of
results employs the new dose-response
functions for major pollutants [11], and the
latest recommended global warming dam-
age estimates [13]. The uncertainty range
for global warming reflects the minimum and
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Fig. 4: External cost contributions from power
plants and the rest of the chain (including
damages due to indirect emissions). The re-
sults are for future systems, and reflect the
most recent exposure-damage functions.
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Fig. 5: External cost contributions from various
pollutants. The results are for future sys-
tems, and reflect the most recent exposure-
damage functions [11, 13]. Damages due to
secondary particulates (sulphates and ni-
trates) are allocated to their precursors, i.e.
SO2 and NOX, respectively.

Based on the latest set of results for the future sys-
tems, Fig. 4 shows the relative contributions of the
plant and the rest of the chain (including indirect
emissions), demonstrating also, in the case of fossil
systems, the dominance of the latter. This finding
differs from the results of the ExternE Project [6],
and can be attributed to the improved modelling
possible, due to the availability of detailed LCA-
inventories.

Figure 5 shows the relative contributions of the vari-
ous pollutants.

Both for current and future systems, coal and oil
chains exhibit the highest environmental external
costs which, in spite of the dramatic performance
improvements for future systems, and the general
trend towards lower estimates, remain significant.
The damage costs associated with natural gas are
the lowest among the fossil chains. The nuclear
chain exhibits low damage costs, on the same level
as wind and PV. The lowest damage costs of all
apply to hydro-power.
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Although uncertainties are relatively large, and sub-
ject to changes resulting from increased knowledge,
the ranking of supply options based on total costs is
considered as quite robust. As expected, the esti-
mated external costs associated with hypothetical
nuclear accidents and nuclear waste are negligible.
In spite of the credit given to technological ad-
vancements, further drastic reduction of internal
costs is necessary for PV (under the Swiss climatic
conditions) to reduce costs to a competitive level.
Generally, the damage to materials and crops is two
or more orders of magnitude lower than damage to
health.

4 MULTI-CRITERIA ANALYSIS

The input to multi-criteria analysis stems from a sys-
tematic, multi-disciplinary, bottom-up methodology
for the assessment of energy systems, established
and implemented by PSI [14]. This framework cov-
ers environmental analysis (based on Life-Cycle
Assessment, LCA, and on Environmental Impact
Assessment, EIA), severe accident risk assessment
(based on the retrospective analysis of past acci-
dents, and on Probabilistic Safety Assessment,
PSA), and on economic studies. The analyses are
supported by the extensive databases developed in
this work. One of the products is the aggregated
indicator associated with the various evaluation cri-
teria.

The set of criteria and indicators used in the full
analysis is shown in Table 2, along with the basic
set of weights. On the highest level, the weights are
equally distributed between the three main compo-
nents, thus following the principle that sustainability
ultimately calls for equal importance being given to
all of them. The weights given to lower level criteria
may, in most cases, be regarded as arbitrary. Never-
theless, with some exceptions (e.g. social compo-
nents of wastes and severe accident risks [15]), the
ranking of systems remains relatively stable, given a
moderate variation of weights. In the base case,
some of the sub-criteria associated with Non-
Pollutant Effects (Local Disturbances), Waste (Con-
finement Time) and Severe Accidents (Risk Aver-
sion), are allocated to the Social Class of criteria.

Figure 6 shows a series of runs. Case 3 basically
corresponds to the "Total Costs" case of Fig. 1, and
gives similar ranking, though more favorable to wind
energy. Case 4 is less favorable to nuclear in rela-
tion to gas. Case 6, which employs all three criteria
classes, has a similar structure, with PV profiting
most from fully including the socially-oriented crite-
ria. Figure 7 illustrates the sensitivity of results to a
range of preferences expressed in the energy de-
bate.

Table 2: Structure of the Base Case: criteria, indica-
tors, and the evaluation basis for their
quantification, units and weights.
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Peak Load Response
(relative scale)

Mortality
(EIA & LCA, Rp/kWh)

Morbidity
(EIA & LCA, Rp/kWh)

Land Use
(mVkWh)

Volume
(LCA, mVkWh)

Fatalities
(RA, fatalities/kWh)

Fatalities
(RA, maximum fatalities/acc.)

W

50

25

25

40

15

15

10

20

90

10

Various weighting schemes have been employed on
the level of main criteria (Economy, Health &
Environment, Social Classes): i.e., "equal weights"
(corresponding to Case 6 in Fig. 6, "economy-
centered", "environment-centered" and "socially-
centered"). While nuclear energy ranks clearly better
than gas under economic and/or health & en-
vironment-centered criteria, its performance is poor
when social criteria are emphasized.
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Case 1: Health and Environmental Criteria only, with
the "social components" of Non-Pollutant Effects,
Waste and Severe Accidents included
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Case 2: Health and Environmental (H) Criteria only,
with much higher weights allocated to the "social
components"

• I Iffll111mil

=
=

EEEEI
III!

!::!
III!

100-1

75 •

50 •

2 5 -

0 •

•
1
1
|

Case 3: Health and Environmental Criteria, plus
Production Costs
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Case 4: Health and Environmental Criteria, plus
Production Costs, with much higher weights allo-
cated to the "social components"
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Case 6: Full set of criteria: the Base Case

• i
I

i in =
=
=

:::!
:::!
:::! 1 I"

| Coal PFBC

j Oil CC
| Natural Gas CC

Nuclear

I Hydro | ! | Economy

| PV | Health & Environment

] Wind \^\ Social Aspects

Fig. 6: Multi-criteria analysis of future systems,
based on subsets and full set of criteria, re-
spectively.

Case 6: Full set of criteria, base case (repeated for
clarity)
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Case 8: Full set of criteria, environment-centered
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Case 9: Full set of criteria, socially-centered
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Case 10: Full set of criteria, sensitivity case for nu-
clear (strong limitation of consequences of hypo-
thetical accidents, radical reduction of waste con-
finement time)
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Fig. 7: Multi-criteria analysis of future systems: sen-
sitivity to preferences.

The last case in Fig. 7 shows the results obtained for
the Base Case, assuming future nuclear develop-
ments leading to much decreased risk aversion (as
a result of design-based limitation of worst possible
accident consequences), and to the reduction of the
necessary confinement time to an historical time-
scale.

5 CONCLUSIONS

For the Swiss case, environmental external cost and
multi-criteria analyses were carried out for selected
future electricity generating systems of interest un-
der Swiss conditions. The ranking of future electricity
systems, based on total (internal and external)
costs, is consistent with the corresponding ranking
for current systems, with hydro and nuclear at the
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lower cost range, and Photovoltaic solar at the
higher. The new feature of the approach is the use
of detailed Life Cycle Inventories as guiding input for
impact assessment. This leads, in comparison with
the previously published EU and US studies, to
higher estimates and higher (partially dominant)
contributions from stages of energy chains other
than power plants. On the other hand, the
implementation of the new dose-response functions
for major air pollutants, and of the latest rec-
ommended estimates of damages to global
warming, lowers the external costs. The estimates of
damage costs due to global warming remain
extremely uncertain, which makes their applicability

The mum-criteria approach allows extensive use of
the acquired knowledge on system performance in a
process which is also open to accounting of values.
The results show that using multi-criteria analysis
based on criteria with the corresponding scope as
the total cost assessment, i.e. equally weighted
health and environmental impacts and production
costs, leads to a very similar system ranking. Rank-
ing based on the three pillars of sustainability (econ-
omy, environment, social) is relatively robust, pro-
vided these pillars are considered equally important,
and the weighting of lower level criteria (e.g. finan-
cial requirements, impact on human health, and
effects on employment) are subject to variation.
Putting emphasis on economy penalizes renew-
ables, emphasis on environment penalizes fossil
systems, and emphasis on social aspects penalizes
nuclear. Developments towards strong limitation of
the consequences of hypothetical nuclear accidents,
along with radical reductions in waste confinement
times, have a highly favorable impact on the ranking
of the nuclear chain. With few exceptions, coal and
oil are, in relative terms, generally at the low end,
with gas having a quite balanced profile.

The two assessment approaches used are partially
complementary and, as such, very useful. The
choice of the most suitable approach will depend on
the purpose of the evaluation.
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EXPERIMENTAL INVESTIGATION OF CONTROL ABSORBER BLADE EFFECTS
IN A MODERN 10X10 BWR ASSEMBLY

F. Jatuff, P. Grimm, M. Murphy, A. Luthi, R. Seiler, O. Joneja, A. Meister,
R. van Geemert, R. Brogli, R. Chawla (PSI), T. Williams (EGL) and S. Helmersson (Westinghouse)

The accurate estimation of reactor physics parameters related to the presence of cruciform absorber
blades in Boiling Water Reactors (BWRs) is important for safety assessment, and for achieving a flexible
operation during the cycle. Characteristics which are affected strongly include the power distribution for
controlled core regions and its impact on linear heat generation rate margins, as well as the build-up of
plutonium, and its influence on core excess reactivity and the reactivity worth of the shutdown system. PSI
and the Swiss Nuclear Utilities (UAK) are conducting an experimental reactor physics programme related
to modern Light Water Reactor (LWR) fuel assemblies, as employed in the Swiss nuclear power plants:
the so-called LWR-PROTEUS Phase I project. A significant part of this project has been devoted to the
characterization of highly heterogeneous BWR fuel elements in the presence of absorber blades. The pa-
per presents typical results for the performance of modern lattice codes in the estimation of controlled as-
sembly reaction rate distributions, the sensitivity to the geometrical and material characterization, and a
preliminary comparison of reflected-test-zone calculations with experimental reaction rate distributions
measured in a Westinghouse SVEA-96+ assembly under full-density water moderation conditions in the
presence of Westinghouse boron-carbide absorber blades.

1 INTRODUCTION

Current trends in BWR fuel technology are motivated
by the enhancement of safety assessments, and the
improvement of the overall performance, which in-
cludes the increase of the discharge burn-up, longer
operating cycles, power up-rate, and plant life exten-
sion. These trends have resulted in ever-more hetero-
geneous fuel assembly designs, presenting high aver-
age 235U enrichments, many different fuel rod types,
an increasing number of burnable absorber fuel rods
and sophisticated internal water regions. Such design
sophistication aims at the continued increase of
maximum channel powers, maximum burnup, and
further flattening of the assembly power distribution.

One of the most significant reactor physics research
initiatives supporting these trends is the LWR-
PROTEUS Phase I project [1] carried out at PSI in
close co-operation with the Swiss Nuclear Utilities.
This project has been designed to (a) evaluate the
capabilities of different modern calculational codes of
interest to the Swiss utilities using nominal assembly
data (production models), (b) qualify the adequacy of
production models by studying the sensitivity of reactor
physics parameters with regard to departure from
nominal conditions (geometry and material characteri-
zation), and (c) validate these codes by developing an
ambitious experimental programme, which includes
the measurement of rod-by-rod reaction rate distribu-
tions, individual fuel rod reaction rate ratios, and the
reactivity effects of perturbing a critical lattice by re-
moving individual fuel rods. The experiments use ac-
tual, modern LWR fuel under different operational
conditions [2].

One important part of the investigation is related to the
study of strongly perturbed fuel assemblies, as pro-
duced by introducing absorber blades in the inter-
assembly gaps. The presence of cruciform absorber
blades inserted from the bottom of the reactor pres-
sure vessel in BWRs (see Fig. 1) represents the most

severe perturbation of a single-zone arrangement of
fuel assemblies, and is a key feature related to the
operation and safety of nuclear power plants.
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Fig. 1: Cruciform Absorber Blades in a BWR Lattice.

In this paper, the investigations related to the perturba-
tion of an arrangement of Westinghouse SVEA-96+
fuel assemblies due to the presence of absorber
blades corresponding to LWR-PROTEUS Phase I
Configuration 2C are presented. This core configura-
tion, described in Section 2, represented the irradiation
of the lower part of the fuel assemblies under full-
density water moderation conditions in the presence of
boron carbide absorber blades.

The investigations have included scoping analyses,
and the evaluation of CASMO-4 [3] and BOXER [4]
capabilities using their corresponding production mod-
els. Special emphasis is given to two important reac-
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tion rate distributions in the test assembly, and their
variation due to the presence of the absorber blades.
The first is the total fission rate (Ftot), closely related to
the rod-by-rod 235U depletion and important for the
verification of operational limits associated with linear
heat generation rates. In a controlled region, there is
an overall power gradient from the furthest rod (in the
sense of rod distance to the absorber blade vertex) to
the closest rod. While the absorber blades are in-
serted, the total power developed by the perturbed
assembly is rather low, but this strong gradient alters
significantly the burnup distribution inside the assem-
bly. This effect becomes important once the absorber
blades are withdrawn later in the cycle to compensate
for the core reactivity loss due to burnup. The second
important integral parameter is the assembly distribu-
tion of the 238U capture rate (C8). The FJC8 distribu-
tion is somewhat depressed at the closest fuel rods.
This is due, again, to the presence of the absorber
blades, which are very efficient in absorbing thermal
neutrons and thus hardening the spectrum locally.
This effect is important since C8 governs the build-up
of plutonium, which is strongly modified in the fuel
rods close to the absorber blades. This has an impact
on the core excess reactivity, as well as on the shut-
down worth of the blades. The distributions calculated
with CASMO-4 and BOXER are given in Section 3.

As mentioned earlier, another object of investigation in
the framework of the LWR-PROTEUS project is the
sensitivity of production models to geometrical and
materials characterization. The experimental nature of
the studies allows the comparison of production model
results (so-called pre-calculations, and directly related
to the data used by the utilities) with results produced
for the ad-hoc, specifically characterized system (the
post-calculations). A significant effort was invested in
the careful characterization of the fuel assemblies, and
in the absorber blade geometry and material composi-
tion, taking into account the fuel vendor specifications
and the typical departure from nominal conditions in
densities, enrichments, tolerances and mechanical
uncertainties. Section 4 describes a comparison of
pre- and post-calculations obtained with BOXER for
Configuration 2C. The results have demonstrated the
reactor-physics sensitivity of modern BWR lattices to
very small departures in the input data.

Section 5 presents the preliminary comparison of ex-
perimental (E) and calculated (C) values for Ftot and
C8, as obtained with one deterministic code and the
Monte Carlo code MCNP4C [5]. Finally, Section 6 is
devoted to conclusions and recommendations.

2 LWR-PROTEUS DESCRIPTION

The zero-power, critical facility PROTEUS is unique: a
central test tank, currently containing nine commercial
BWR fuel elements, is "driven" critical and provides
conditions which simulate different power reactor envi-
ronments [6, 7]. During the year 2000, a series of
measurements corresponding to full-water-density and
voided-simulated neutron moderation conditions has
been completed for the investigation of a Westing-
house SVEA-96+ fuel assembly. The investigations

which have been carried out are representative of dif-
ferent enrichment and burnable-poison distributions in
the fuel assemblies, considered over axially homoge-
neous regions as well as across an axial enrichment
boundary.

The PROTEUS critical facility was configured in order
to provide an appropriate LWR neutron spectrum envi-
ronment to the centrally-located Westinghouse SVEA-
96+ fuel assembly in which the measurements are
carried out (the "test assembly"). The test assembly is
surrounded by 8 other identical assemblies, the 3x3
arrangement being located inside an aluminium test
tank. A view of the LWR-PROTEUS Core 2C test
zone configuration is given in Fig. 2.
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Fig. 2: Test Zone Configuration for LWR-PROTEUS
Core 2C.

An SVEA-96+ fuel element comprises 96 fuel pins
arranged in four separate sub-bundles, each contain-
ing 24 pins on a square pitch around a central water
channel [8]. The 235U enrichment varies both axially
and radially in the range 2-5%, and some pins contain,
additionally, gadolinium as a burnable poison in differ-
ent concentrations (see Fig. 3). The lateral assembly
dimensions are about 14 cm across.

Since the elements are 4.5 m in length and the active
height of the PROTEUS driver regions is somewhat
less than 1 m, the test tank can be driven axially to
enable step-wise investigations along the whole length
of the test assemblies. This is a special feature of the
experiments, and is made possible by the unique lay-
out of the facility. Thus, for example, it is possible to
study the axial power profile variation across the axial
enrichment boundary.
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A

3 2 1
Burnable Absorber
Fuel Rod

Fig. 3: Westinghouse SVEA-96+ Assembly Geome-
try.

The test tank is surrounded by outer radial regions [7]
(the buffer, the D2O-driver, the graphite-driver and a
graphite reflector) which govern the reactor criticality,
thus allowing experiments for a wide range of test lat-
tice kTO values. The reactor instrumentation channels,
as well as the control and safety systems, are located
in the outer regions, so that the experiments at the
centre can be performed under "clean" conditions.

3 CASMO-4 AND BOXER PRE-CALCULATIONS

The basic system in Configuration 2C consists of a
controlled assembly with reflective boundary condi-
tions (see Fig. 3), which was studied in a manner rep-
resentative of routine production calculations with
CASMO-4 and BOXER. Built-in code default options
and standard modelling were used, combined with
input data based on nominal geometry and standard
material compositions.

In the CASMO-4 calculations, thermal expansion and
equilibrium xenon options were deactivated. The two-
dimensional transport calculations were performed in
8 energy groups based on the default JEF-2.2 library
with an extra energy boundary at 0.28 eV. In the
BOXER calculations (Cartesian geometry), the central
water channel was modelled as a square region with
smeared Zircaloy and water; a similar procedure was
used for the cruciform water wings. The Dancoff fac-
tors of the cells were corrected for the non-uniformity
of the lattice (water gaps, etc.) using the energy-
independent Monte Carlo option in BOXER (one aver-
age value for all rods of each cell type). For the two-
dimensional transport calculations, the pins were
modelled in the following way: corner pins were di-
vided in a 3x3 mesh, other peripheral pins with a 3x1
mesh, and the remaining lattice pins with a single
mesh per pin. The purpose of this refinement is to
preserve the absorber blade geometry.

Fig. 4: Distribution of Average Integral Parameters for
the Controlled SVEA-96+ Assembly: (a) Fm

(b) C8, and
(c) the reaction rate ratio Ft0JC8.
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All CASMO-4 and BOXER results corresponded to the
fundamental mode.

An illustration of both the strong lattice heterogeneity
and the perturbation introduced by the absorber
blades is derived from the CASMO-4 pre-calculations
for this base case, as depicted in Fig. 4 for Ftot, C8,
and the ratio Ftoi/C8. Figures 4a and 4b show the dif-
ferent nature of the global reaction rate depression
towards the absorber blades in the context, respec-
tively, of thermal neutrons (governing Ftot), and of epi-
thermal neutrons (largely governing Ca). Very clear as
well is the strong heterogeneity imposed by the burn-
able absorber rods. Finally, Fig. 4c illustrates the reac-
tivity-related effect on the rods close to the absorber
blades (mainly, but not exclusively, the rods in row 'J'
and column '10'). In these rods, Ftot is relatively low
and the C8 high, indicating a relatively low consump-
tion of 235U and high production of fissile plutonium
during irradiation.

The comparison of the CASMO-4 pre-calculations de-
scribed in Fig. 4 and the corresponding BOXER re-
sults is given in Fig. 5. In the case of Ftot, significant
differences are observed in the north-west sub-bundle,
especially in the corner rod (rod J10) closest to the
absorber blade vertex. This region of the assembly is
one of the most difficult to estimate due, on the one
hand, to the presence of the blades and, on the other,
to the proximity of fuel rods to a gadolinium cluster
(rods H8, H9 and 19). The overall flux depression to-
wards the blades amplifies the sensitivity of this reac-
tion rate to different approximations and models. In
addition, other fuel rods in the gadolinium clusters
show significant discrepancies (for instance, D3 and
C4). Other discrepancies are rather small (within a few
percent).

In the case of C8, the overall agreement is better (a
few percent on the average). The region with the most
significant discrepancies extends over the north-west
sub-bundle.

4 PRE- VS. POST-CALCULATIONS

The previous Section was devoted to illustrating the
physics of controlled BWR assemblies, and to the de-
scription of typical discrepancies between different
lattice codes for a well-characterized case. A high
sensitivity has been observed for the calculated reac-
tion rate distributions to different analytical treatments.
Equally important is the evaluation of the sensitivity of
the reaction rate distributions to departures from
nominal conditions. By "nominal conditions" is meant
the set of numerical values describing the necessary
input for the reactor physics evaluation of the lattice.
This consists of the "best-estimate" or standard values
obtained from quality control and quality assurance
files produced by the fuel vendor and the utility. The
lattice characterization includes the definition of rod-
by-rod fuel and cladding compositions (including ura-
nium enrichments), and the fuel assembly geometry.

In practice, the real system departs slightly from the
nominal data provided.
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Fig. 5: CASMO/BOXER-1 Results (in %) for (a) Total
Fission Rate, and (b) 238U-Capture Rate.

For instance, the "measured" enrichments for a certain
batch of fuel rods may depart by as much as 0.2%
(relative). Other sources for departure from nominal
conditions are associated with the mechanical fabrica-
tion of the fuel assemblies: for example, instead of
being perfectly straight, an axial bending of as much
as -1 mm may be expected for the channels of fresh
fuel assemblies.

The use of actual fuel assemblies in LWR-PROTEUS
has brought the opportunity to study the sensitivity of
integral parameters to typical departures from nomi-
nal. Using the measured material compositions pro-
vided by the fuel vendor, and the geometrical charac-
terization performed in-house, post-calculational mod-
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els have been developed and used for the compari-
sion of calculations with the experimental data.

The effects of mechanical tolerances and real material
compositions on the reaction rate distributions previ-
ously introduced have been evaluated using the code
BOXER. In particular, the following characteristics de-
parted very slightly from nominal conditions: 235U en-
richment, gadolinia content in burnable absorber fuel
rods, horizontal length of the absorber in the blades,
external dimensions of the blade, position of the blade
(distance to its vertex and distance to the assembly),
and position of the sub-bundles in the sub-channels.
Figure 6 shows the percentage differences between
post- and pre-calculations carried out with this code,
i.e. for the two slightly different reflected-assembly
models.

The main conclusion from this study is that the impact
of typical departure from nominal conditions is larger
than the discrepancies between the results produced
by different codes for the same system. In the case of
Ftof, discrepancies of about 10% were found in the
corner rods, particularly in J10. Significant discrepan-
cies were also found in the UO2 rods close to the wa-
ter channel, and in the peripheral rods close to the
absorber blades. The discrepancies in C8 are in gen-
eral lower, but still significant. A sensitivity analysis is
on-going to individualize the most important causes of
these discrepancies.

5 EXPERIMENTAL VALIDATION IN CORE 2C

5.1 Fuel Rod y-Scans in Configuration 2C

An automatic fuel rod y-scanning machine was used to
measure delayed y-rays, from fission and activation, in
individual fuel rods of the test assembly following irra-
diation in PROTEUS. The y-scanning machine is a
purpose-built, fully automatic device which enables the
cyclic y-scanning of activated fuel rods up to 4m in
length [9] to be carried out. The machine consists of
five main components: a 10-pin storage rack, a hori-
zontal axis, a grab, a vertical-axis, and a measuring
station.

The pneumatic grab transfers rods one by one along
the horizontal axis to the measuring position and back.
Once an individual rod is located in the measurement
head, it is transported to the required vertical position
by means of the vertical drive. The overall positional
reproducibility is better than 1 mm. During measure-
ment, the rod is rotated to eliminate the effect of azi-
muthal activity variations within the pin.

At the measurement position, there are two horizon-
tally opposed germanium y-ray detectors installed be-
hind y-ray collimators and shielding. The detectors are
connected to EG&G Ortec DSPec devices combining
a spectrometry amplifier and a multi-channel analyser,
and employing digital signal processing to produce an
optimum pulse shape, which gives good resolution
and peak position stability over a wide range of count-
rates.

(a)F f(of

(b)C8

Fig. 6: BOXER Post-/Pre-Calculation-1 fin %) for
(a) Total Fission Rate, and (b)23 U-Capture
Rate.

Six main y-scanning measurements were made, each
with ten fuel rods [10]. A final normalizing irradiation
was carried out with selected rods from each of the
previous six scans. The irradiations were timed as
starting at 37% of the intended irradiation power, at a
constant doubling time, and ending at reactor shut-
down. A nominal power of 30 Watts and an irradiation
duration of one hour were used for all of the y-scan
irradiations. Each spectrum collected was analysed;
the background continuum was subtracted, peak ar-
eas were deconvoluted, nuclides were identified, and
decay corrections were made.
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5.2 Validation of Reflected-Test-Zone Calcula-
tions

The experimental results have been compared with
calculational results from the deterministic code
BOXER, and from the Monte Carlo code MCNP4C.
For both codes, the reaction rates in the test assembly
were calculated from a Reflected-Test-Zone (RTZ)
model (as shown in Fig. 2) with reflective boundary
conditions. A full-core model was also calculated with
BOXER for the determination of correction factors ac-
counting for outer-zone effects. The RTZ Monte Carlo
calculations required 70 million neutron histories to
achieve average 1a statistical deviations of 0.42% for
Ftot and 0.76% for C8.

Figures 7 and 8 show the distribution of (C-E), for the
reaction rates obtained with BOXER and MCNP4C,
respectively. Both calculated and measured distribu-
tions were first normalized to an average pin power of
unity for the measured pins in the test element. The
average (C-E) is thus zero for each of the considered
distributions.

The comparison of the BOXER RTZ calculations and
the experimental values reveals trends already identi-
fied from the pre- and post-calculations: i.e. explicable
in terms of sensitivity to severe flux gradients. Thus,
relatively large discrepancies are found for Ftot in the
fuel rods close to the blade vertex.

The most significantly perturbed rod (J10) shows a
discrepancy of 6.6%. Other significant discrepancies
(>4%) are observed in fuel rods close to this rod, such
as J9 or 110, or some UO2 fuel rods surrounded by two
burnable absorber neighbours. In the case of C8, the
discrepancies are smaller, but nevertheless they show
a clear trend for rod J10 and its neighbours.

The comparison of the MCNP4C RTZ calculations is
qualitatively similar, and quantitatively somewhat bet-
ter. The corner rod J10 also presents the highest Ftot

discrepancy. The distribution for C8 is relatively more
accurate. The most important statistical figures of
merit corresponding to the deviations showed in
Figs. 7 and 8 are compiled in Table 1.

Considering the high degree of heterogeneity of the
SVEA-96+ fuel assembly, Table 1 indicates quite sat-
isfactory agreement between the calculations and the
measurements. In fact, analogous rms values found
from the comparison of modern lattice calculations
and experiments, for configurations without absorber
blades (e.g. LWR-PROTEUS Configurations 1A and
1B), are very similar.

The reported calculation/experiment comparisons are
currently being interpreted in greater detail. Thus, for
example, the experimental conditions in the
neighbourhood of the blade vertex are being reviewed.
This may, at least partially, explain the relatively large
discrepancies between some of the BOXER and
MCNP4C results and the measured values.
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Fig. 7: Distribution of 100x(C-E) obtained with
BOXER using a Reflected-Test-Zone Model.
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6 CONCLUSIONS

The paper describes the validation efforts invested for
the qualification of modern calculational codes used in
the determination of reaction rate distributions in a
modern BWR fuel assembly strongly perturbed by the
presence of boron carbide absorber blades.

Generally, the results of the performed calculations
agree well with the measurements. The largest ob-
served discrepancies appear to be localized on the
corner rod where the most severe flux gradient oc-
curs.

Table 1 : Root-Mean-Square and Extrema for
100x(C-E) Reaction Rate Distributions in
Core 2C.

Parameter

rms

max

min

Parameter

rms

max

min

•tot

2.1

6.6

-5.6

Ftot

1.6

5.9

-3.0

BOXER

MCNP4C1

C3

1.6

4.0

-5.2

C8

1.5

3.1

-3.8

(1) Continuous-energy ENDF/B-V.

Thanks to the high-quality integral data being gener-
ated, and the flexibility of the PROTEUS facility, the
current research project at PSI has aroused consider-
able international interest. This is the case for both
utilities and fuel designers, all striving towards greater
economy and improved safety margins.
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THREE-DIMENSIONAL SPACE-TIME KINETIC ANALYSIS WITH
CORETRAN AND RETRAN-3D

OF THE NEACRP PWR ROD EJECTION BENCHMARK

H. Ferroukhi, P. Coddington

One of the activities within the STARS project, in the Laboratory for Reactor Physics and System Behaviour, is the
development of a coupling methodology between the three-dimensional, space-time kinetics codes CORETRAN
and RETRAN-3D in order to perform core and plant transient analyses of the Swiss LWRs. The CORETRAN code
is a 3-D full-core simulator, intended to be used for core-related analyses, while RETRAN-3D is the three-
dimensional kinetics version of the plant system code RETRAN, and can therefore be used for Best-Estimate
analyses of a wide range of transients in both PWRs and BWRs. Because the neutronics solver in both codes is
based on the same kinetics model, one important advantage is that the codes can be coupled so that the initial
conditions for a RETRAN-3D plant analysis are generated by a detailed-core, steady-state calculation using
CORETRAN.
As a first step towards using CORETRAN and RETRAN-3D for kinetic applications, the NEACRP PWR rod ejection
benchmark has been analysed with both codes, and is presented in this paper. The first objective is to verify the
consistency between the static and kinetic solutions of the two codes, and so gain confidence in the coupling
methodology. The second objective is to assess the CORETRAN and RETRAN-3D solutions for a well-defined RIA
transient, comparing with previously published results. In parallel, several sensitivity studies have been performed
in an attempt to identify models and calculational options important for a correct analysis of an RIA event in a LWR
using these two codes.

1 INTRODUCTION

One of the activities within the STARS project in the
Laboratory for Reactor Physics and System Behaviour
(LRS) is the development and implementation of a
coupled 3-D reactor kinetics and system code envi-
ronment based on the CORETRAN and RETRAN-3D
codes. The objective is to develop the capability of
analysing a range of operational transients, antici-
pated transients without scram (ATWS), and acci-
dents with the potential for core re-criticality, using 3-D
kinetics, for both PWR and BWRs. In this code envi-
ronment, CORETRAN is intended mainly for core-
related analyses, including cycle depletion calcula-
tions and reactivity transients, while RETRAN-3D will
be used for plant system analyses using 3-D core
neutronics. Note here that BWR stability analyses are
not intended to be undertaken with CORE-
TRAN/RETRAN-3D, since a methodology based on
RAMONA has already been developed within the
STARS project [1].

One important feature is that both CORETRAN and
RETRAN-3D use the same 3-D neutronics model: i.e.,
an identical two-group nodal diffusion method and
cross-section model. This has the particular advan-
tage that CORETRAN can also be used as a steady-
state interface code to generate, in a consistent man-
ner, the core data and 3-D cross-sections for RE-
TRAN-3D. The methodology, i.e. the data transfer and
the coupling between the codes, to perform CORE-
TRAN and RETRAN-3D analyses is illustrated in
Fig. 1.

As a first step towards the implementation of this 3-D
code environment, assessment of CORETRAN as a
steady-state core simulator has been performed at
PSI for the Swiss LWRs, including both PWRs and
BWRs.

2-D Assembly
Lattice Calculations

3-D Steady-State
Core Physics

I 3-D Steady-State )
| and Transient Core J
{Analyses j

CASMO-4

I llud.ll X-C

SIMULATE

Hi-.tui; Distributions

CORETRAN

T Steady-State Initial Conditions

• Instantaneous 3-D Cross-Sections
• Core Geometrical Data

3-D Transient Plant
System Analyses RETRAN-3D

Fig. 1: CORETRAN/RETRAN-3D Methodology.

The CORETRAN results were compared against both
plant data and results from other industry-standard
codes, such as SIMULATE and PRESTO. These
comparisons showed that very satisfactory and accu-
rate steady-state results could be obtained [2].

In a second phase, it is important to assess the tran-
sient 3D kinetics/thermal-hydraulic coupling within the
codes. In order to achieve this, a series of previously
performed OECD/NEA benchmarks for LWR core
transients ([3], [4]) are currently being analysed at PSI
using CORETRAN and RETRAN-3D. In this paper, a
summary of the results obtained for the first in this se-
ries of benchmarks, namely the NEACRP PWR rod
ejection benchmark [5], are presented.

The objectives are two-fold. First, the 3-D steady-state
and transient solutions of CORETRAN and RETRAN-
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3D have been compared, in order to gain confidence
in the use of the coupling methodology between the
two codes. Second, by comparing the results to those
of other kinetic codes, the adequacy of the CORE-
TRAN and RETRAN-3D solutions can be assessed.

In addition, sensitivity analyses were performed to
identify modelling options which must be considered
with care when analysing LWR RIA events with
CORETRAN or RETRAN-3D.

2 MODELLING AND SPECIFICATIONS

2.1 Core Model and Channel Lumping

The benchmark core was derived from a realistic 2775
MW PWR reactor and consisted of 157 fuel assem-
blies of 17x17 type, and with an assembly pitch di-
mension of 21.606 cm. In addition, an outer layer of
peripheral reflector assemblies was used [3].

In the CORETRAN representation of this core, shown
in Fig. 2, each fuel assembly is neutronically repre-
sented as an individual channel with a 2x2 radial
mesh. The reflector region is modelled as consisting
of individual neutronic channels, also with a 2x2 radial
mesh. Thermal-hydraulically, the fuel assemblies are
modelled as individual channels with a 1x1 radial
mesh, and with 1-D coolant flow. A full core model is
hence used in CORETRAN.

In RETRAN-3D, the same neutronic representation of
the fuel and reflector assemblies is used: i.e., these
are modelled as individual neutronic channels with a
2x2 radial mesh. However, for the thermal-hydraulic
core representation, the 157 fuel assemblies are, in
the RETRAN-3D model, "lumped" (i.e. compacted)
into 38 hydraulic channel components. The RETRAN-
3D lumped core model is also shown in Fig. 2.

The reason for using such a lumping procedure is to
be consistent with the PSI methodology for transient
analysis of the Swiss plants. For these plants, large
models requiring a high number of control volumes
will be necessary in RETRAN-3D analyses in order to
obtain code convergence, and the number of core
thermal-hydraulic channels might therefore need to be
limited by using a lumping procedure such as de-
scribed above.

The methodology adopted at PSI to select an appro-
priate lumping is to group T/H channels based on the
initial 3-D power distribution, and on the expected
transient power distribution. A full-core, CORETRAN
static calculation will be used as the basis for the
lumping, and the primary objective will be to use a
grouping scheme so that initial core heterogeneities
are well separated.

The general procedure will be to lump hot regions
(i.e., channels with high radial power factors) and cold
regions (i.e., low power factors and less reactive)
separately. However, in core regions where strong
flux gradients are expected during the transient, no
grouping will be performed, but all assemblies will
there be represented in detail; i.e., as single individual
T/H channels.
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Fig. 2: CORETRAN and RETRAN-3D Models of the
NEACRP REA PWR Core.

The lumping for the 38-channel model in Fig. 2 has
been made according to the methodology described
above. Hence, fuel assemblies around the ejected rod
are modelled as individual, thermal-hydraulic (T/H)
channels, while a grouping of the assemblies is made
in regions far from the ejected rod, and is based on
the initial CORETRAN steady-state power distribution
(see Fig. 3).

2.2 Benchmark Specifications and Code
Modifications

The benchmark specifications [3] have included the
geometrical assembly data, the predefined thermo-
physical properties (including a uniform fuel-clad-gap
heat transfer coefficient), and temperature-dependant
functions for the specific heats and thermal conductivi-
ties of both fuel and cladding.

The nuclear composition in each axial layer (including
reflectors), and for all assemblies, was specified by
means of macroscopic cross-section (X-S) data sets,
while space-time independent values for the delayed
neutron factions, the precursor decay constants, and
for the neutron velocities, were also defined. Each X-S
data set included base cross-sections, T,REF, as well
as derivative coefficients with respect to four instanta-
neous variables: boron concentration c^EF , moderator

density p^F, moderator temperature T^F and

Doppler fuel temperature T^p . The macroscopic X-S

model, to compute the actual nodal cross-sections
during a reactor calculation, I,act, was defined as:
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In addition, a weighting function of the rod centre and
surface temperatures, Tfent and r ^ , respectively,

was defined for the calculation of the Doppler fuel
temperature:

1Dopp

with a = 0.7.

Cent Sw"f (2)

In order to follow the specifications given above (Eq. 1
and Eq. 2), some code modifications were necessary.
The Doppler weighting function (Eq. 2) was simply
added to the feedback X-S evaluation subroutines.
With regard to the X-S model, the CORETRAN (and
RETRAN-3D) formalism takes into account all de-
pendencies of Eq. 1, except for the moderator tem-
perature. Indeed, when the X-S library is generated
with CORETRAN, a base case (i.e., a reference set of
cross-sections) and (at least) one branch case, with
respect to the three independent variables (boron,
moderator density and Doppler temperature), must be
specified. Now, although no branch calculation on the
moderator temperature can be included in the CORE-
TRAN X-S library, the library base case cross-
sections always correspond to a specific moderator
temperature.

Hence, for the analysis of this benchmark with
CORETRAN (and RETRAN-3D), the library base case

ore
1

X-S will implicitly be specified for a given Tm , so
that, during a reactor calculation, the lack of depend-
ency upon coolant temperature in the CORETRAN
and RETRAN-3D X-S models will introduce a bias
when the actual nodal X-S is evaluated. That is,

(fact \ _ y (fact \
ctVm J-^TnieVm

where

371
^act _TREF \
m *m )

(3)

(4)

As can be seen from Eq. 4, only if the nodal modera-

tor temperature T^ct equals the reference library tem-

perature T^EF will the bias be cancelled, and a correct

nodal X-S evaluation be obtained.

Because the X-S model in CORETRAN and RE-
TRAN-3D could not be modified with regard to this
dependency within the frame of this analysis, it was
decided to use, for the final results (Chapters 4 and 5
of this paper), the core inlet temperature

T^F = 286 °C as reference temperature for the X-S

library. This is an appropriate choice, particularly for
the HZP case, because of the uniform initial core
coolant temperature distribution. However, the impact
of using a different reference coolant temperature has

been investigated as a sensitivity study, and this has
shown that, at HZP, the reactor power excursion
would be affected by the choice of the reference mod-
erator temperature [5], emphasising therefore the
need for an update of the CORETRAN/RETRAN-3D
X-S model with regard to this parameter.

2.3 Initial Conditions and Transient Descriptions

Two of the original benchmark cases (Cases C1 and
C2 in [2]) were selected for the CORETRAN and RE-
TRAN-3D analyses, these corresponding to the full-
core calculations of a peripheral rod ejection at Hot-
Zero-Power (HZP) and Full-Power (FP), respectively.
The initial conditions for both the HZP and the FP
case are summarized in Table 1. In the same Table,
some important parameters for the RIA transient are
also specified. Note that, at both operating conditions,
the core is assumed to be at beginning-of-life, so that
all historical variables (burnup, Xenon, Iodine, Samar-
ium) are set to zero, and remain so during the tran-
sient. Moreover, the same peripheral rod, but with a
different initial insertion, is ejected in both transients.
The position of the rod is shown in the CORETRAN
and RETRAN-3D models of Fig. 2.

Table 1: NEACRP REA Initial Conditions and Tran-
sient Data.

Parameter Case

HZP

Core Power (MW) 2775E-06

Core Flow (kg/s) 12893

FP

2775

12893

1 Inlet Temp. (oC)

I Core Pressure (bar)

I Direct Heating (%)

! Initial Rodjnsertipn (%)

! Rod Ejection Time (s)

Peff (pcm)

| Time Step (ms)

I Transient Duration (s)

| 286

| 155

O
)

| 100

I 0.1

| 760

i 2

i 5

286

155

1.9

40

0.1

760

2

5

2.4 Numerical Solutions

In this work, the original neutronics algorithm of
CORETRAN (which is also implemented in RETRAN-
3D), referred to as the ARROTTA model, has been
used. This numerical algorithm uses a spatial discreti-
zation scheme based on the Analytical Nodal Method,
with quadratic leakage approximations, and a tempo-
ral discretization using a theta-differentiation implicit
scheme, [6].

The benchmark reference solution is a PANTHER
calculation, selected mainly because it had the finest
meshing, using both a 2x2 neutronic and a 2x2 ther-
mal-hydraulic grid, [7].

3 STEADY-STATE RESULTS

The steady-state results from CORETRAN and RE-
TRAN-3D have been compared at both HZP and FP.
This static comparison is important in order to check if



36

both codes give similar solutions (as would be ex-
pected because of the similar neutronics model),
thereby gaining confidence in using the CORETRAN
code as an interface for data transfer to RETRAN-3D.
In parallel, the results are compared against previ-
ously published solutions [7], in order to verify that
their static solutions lie within the range of other 3-D
codes.

A summary of this comparison is shown in Table 2,
where the results for the reference solution are speci-
fied with a standard deviation calculated from the
range of the previously published solutions. It can be
seen from this Table that the steady-state results of
CORETRAN and RETRAN-3D lie well within the
range of the previous results.

The static-core, average power distributions are
shown for the HZP case in Fig. 3a, and for the FP
case in Fig. 3b. At each operating condition, the core
radial power shape is shown with a corresponding
map which describes the relative assembly differ-
ences between the two codes, and the reference solu-
tion for the upper half-core region. (It should be noted

that there is symmetry around the main horizontal
transverse.)

As can be seen from Fig. 3a, the differences with re-
spect to the reference solution are very small at HZP,
typically less than 0.1%, and very similar for both
CORETRAN and RETRAN-3D, while at FP (Fig. 3b),
although still very satisfactory, the differences in-
crease slightly, particularly for RETRAN-3D (RMS
around 1.23%).

At the same time, it is noticed that the 3-D flux distri-
bution, represented by the radial power shape curves,
is characterized by stronger and steeper flux gradients
at HZP (Fig. 3a) compared with FP (Fig. 3b). In spite
of the stronger flux gradients, the agreement between
CORETRAN and RETRAN-3D is better at HZP, con-
firming that the static neutronic diffusion solution is
almost identical in both codes.

In turn, this implies that the larger differences ob-
served at FP are most likely due to differences in
feedback variables (e.g. fuel temperature and coolant
density) between the codes.

Table 2: Summary of CORETRAN / RETRAN-3D Steady-State Results for the NEACRP REA Benchmark.

Results REFERENCE CORETRAN RETRAN-3D

HZP

FP

| Critical Boron Concentration

I Nodal Peaking Factor

| Static Rod Worth

I Critical Boron Concentration

\ Nodal Peaking Factor

| Static Rod Worth

I (PPm) !

I .(") I
I (pom) |

| (ppm) !

I .(") I
| (pom) |

1135.3 ±17.0

2.187±0.100

958.0 ±3.5

1160.6 ±27.9

2.221 ±0.180

78.0 ±1.6

1134.8 |

2.188 |

956.9 |

1164.8 |

2.230 !

80.0 |

1135.0

2.188

957.3

1154.9

2.230

79.2

Diffl (%)= COR - REF (RMS=0.06 %)
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Fig. 3a: Comparison of Steady-State Core Average Power Distributions at HZP.
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Fig. 3b: Comparison of Steady-State Core Average Power Distributions at FP.

4 TRANSIENT RESULTS

4.1 Reactor Power

The predicted power excursion following the rod ejec-
tion is shown in Fig. 4 for the HZP super-prompt criti-
cal case (1.2 $, see Table 2), and in Fig. 5 for the FP
prompt-critical case (0.1 $).

A summary of the results with respect to the power
peak is given in Table 3. The Table gives the time and
magnitude of the power peak calculated by CORE-
TRAN, RETRAN-3D, and by the reference solution. In
addition, it shows the deviation from the reference so-
lution for all the benchmark submissions.
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Fig. 4: Transient Reactor Power at HZP.
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Fig. 5: Transient Reactor Power at FP.

From Table 3, as well as from Fig. 5, it is noticed that
all codes, including CORETRAN and RETRAN-3D,
predict a similar power-peak magnitude at FP, with
deviations in general below 1 %. This is to be expected
because the rod ejection transient for these FP condi-
tions is very mild, due to the low rod worth and the
strong core thermal-hydraulic feedback (see Fig. 5).

It is more interesting therefore to compare the results
of the different kinetic solutions for the HZP super-
prompt-critical case (Fig. 4 and Table 3). As can be
seen, the CORETRAN and RETRAN-3D results lie
well within the range of the benchmark solutions, and
are among the closest to the reference solution with
respect to the magnitude of the power peak.

However, compared with most other solutions, the two
codes predict, in a consistent manner, a steeper initial
power increase (i.e., during the super-prompt-critical
phase), which lasts until the power is reversed, result-
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ing in a slightly earlier power peak. It is difficult to ex-
plain this behaviour, since no information with respect
to the nodalization methods (both spatial and tempo-
ral) of the other solutions is available in [6].

Table 3: NEACRP REA - Reactor Power.

Solution Power Peak at HZP Power Peak at FP

Time

(s)

i Magnitude |

i P i
1 -^- ( - ) 1

Time

(s)

Magnitude

rMax H

| REFERENCE |

i CORETRAN |

1 RETRAN-3D -I

I Deviatipn(%) |

| CORETRAN |

| RETRAN-3D |

| OKAPI(S) |

| BOREAS/TRAB |

| CESAR |

| COCCINELLE |

| PANBOX |

| QUABOWCUBOX |

i SIMTRAN i

| ARRCTTA |

i PANTHER i

0.27

0.256

0.252

-5.19

-6.70

-11.11

3.70

11.11

18.52

0.0

11.11

0.00

-3.70

-3.70

| 4.773

i 4.724

| 4.774

| -1.03

| 0.021

| -36.14

| 164.22

| -31.64

| -41.40

! -1.15

| 130.25

i -7.67

| 3.39

i 16.74

0.10

0.096

0.098

-4.00

-2.00

0.00

110.00

0.00

-20.00

0.00

-10.00

0.00

-20.00

20.00

| 1.071

I r.077

| 1.079

| 0.56

| 0.75

| -0.65

| -0.93

| 1.40

| -0.09

! 0.28

| 1.77

i 0.56

| 0.93

i 0.09 |

However, sensitivity studies have been performed to
identify those parameters which can influence the ini-
tial power increase, as well as the magnitude of the
power peak ([5], [11]).The neutronic mesh and time-
step sizes are, for instance, two parameters which can
affect the timing of the power peak, and neither of
these parameters were defined in the benchmartk
specifications.

4.2 Fuel Temperature

One important objective of RIA investigations is to
predict the energy deposition, and to verify that it does
not rise above a predefined threshold value. This is
usually done by examining the enthalpy rise, on a
node-by-node basis, in the different assemblies sur-
rounding the ejected rod. To reflect the enthalpy rise,
a comparison of the maximum nodal centreline tem-
peratures was included in the benchmark.

The results for the HZP case are shown in Fig 6. Note
that both CORETRAN and RETRAN-3D predicted the
maximum temperature to occur in the same node, i.e.
assembly X=8, Y=13 in Fig 3, and in axial level 9 at
HZP, and level 7 at FP. This information was not
available for the other benchmark solutions.

As can be seen from Fig. 6, a close agreement be-
tween CORETRAN, RETRAN-3D and the reference
solution is obtained during the first second of the HZP
transient, showing that the three codes predict a very
similar energy release during this part of the accident.
After the first second, however, the energy release
becomes slightly larger in CORETRAN. This was
found to be due to an earlier asymptotic behaviour of
the reactor power in CORETRAN, which predicted a
final (i.e., at t=5s) power of around 15.5%, while both

hi 700
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Fig. 6: Maximum Nodal Centreline Temperature at
HZP.

RETRAN-3D and the reference solution predict a
power of just below 15%.

In Fig.7, the results for the FP case are shown. Note
that here again both codes predict the maximum tem-
perature in the same node (X=8, Y=13, axial node 7),
and both CORETRAN and RETRAN-3D predict a
lower fuel temperature compared with the reference
solution.

A difference of around -10°C is observed in CORE-
TRAN, while in RETRAN-3D the difference is around
-30°C. The reason is that the steady-state (i.e. initial)
power in the hottest node (X=8, Y=13, axial node 7) is
lower in both CORETRAN and RETRAN-3D com-
pared with the reference solution (see Fig. 3b), and
this implies a lower initial fuel temperature, as seen in
Fig. 7. This result illustrates the importance of having
an accurate steady-state power distribution prior to a
transient evaluation.
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Fig. 7: Maximum Nodal Centreline Temperature at
FP.
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However, also for this FP case, CORETRAN and RE-
TRAN-3D predict a very similar increase in maximum
temperature (Table 4), which is in both cases slightly
larger than that obtained with the benchmark refer-
ence code.

Table 4: Absolute Increase in Maximum Centreline
Temperature.

Solution

| REFERENCE

| CORETRAN

| RETRAN-3D

AT(°C

HZP

| 390.1 |

| 409.5 |

| 388.0 |

FP ;

61.6 |

75.9 I

71.8 I

5 SENSITIVITY ANALYSES

In parallel to the analyses presented in the previous
Section, which showed that both CORETRAN and
RETRAN-3D give very satisfactory static and transient
results for the PWR REA benchmark, it was consid-
ered appropriate to perform, for this well-defined in-
ternational benchmark, some sensitivity studies. The
main objective of these studies was to identify model-
ling options and methodology aspects, when using
CORETRAN and RETRAN-3D, which could have af-
fected significantly the results for the analysed rod
ejection events. Among others, sensitivity studies with
regard to the following were performed.

• Neutronic radial mesh size (i.e., spatial discreti-
zation)

• Neutronic numerical algorithm in CORE-
TRAN/RETRAN-3D (i.e., the ARROTTA algo-
rithm, based on the ANM method [8], versus the
Purdue algorithm, based on a NEM/CMFD
method [9], [10])

• Reflector boundary conditions

• Time-step size (i.e., temporal discretization)

• Cross-section model (e.g., moderator tempera-
ture dependency and Doppler temperature defini-
tion)

• Thermal-hydraulic lumping scheme in RETRAN-
3D

Some of these sensitivity studies are presented in [5],
while further details are given in [11].

In this paper, two of the above sensitivity studies are
included. The first study concerns channel lumping in
RETRAN-3D, while the second shows how the lack of
a moderator temperature dependency in the cross-
section model affects the results. The reason for in-
cluding the first study is that a similar T/H lumping
procedure used for this analysis will be necessary
when performing transient analyses of the Swiss
LWRs using RETRAN-3D (see Section 2.1). Hence,
T/H channel lumping is an important step in the meth-
odology for transient analyses using RETRAN-3D,
and it was therefore considered appropriate to study
the impact of such lumping for the REA benchmark
cases. The second study is intended to demonstrate

that it is important to have consistency between the
methodology to generate, with a lattice code, the 3-D
averaged cross-sections, and the cross-section model
used by the upstream 3-D nodal code.

5.1 Channel Lumping in RETRAN-3D at HZP

For the results in the previous sections, a lumping
scheme with 38 T/H channels was constructed, based
on the CORETRAN steady-state power distribution
(see power shape in Fig 3a) and the expected flux
gradients around the ejected rod. The results given in
Section 4 illustrated that this lumping scheme gave
very similar results to those obtained with the CORE-
TRAN full-core model.

Since only the core was modelled for this benchmark,
it was in fact possible to increase the number of core
volumes in RETRAN-3D, and hence to analyse the
transient with a full thermal-hydraulic channel repre-
sentation (i.e. with a full-core model). For that pur-
pose, a sensitivity study upon the lumping scheme
has been performed. The HZP and FP cases were
therefore re-analysed with the three following lumping
schemes: a full 157-channel model, a 25-channel, and
a 19-channel model.

The reactor power for the HZP benchmark case using
the above-mentioned grouping schemes is shown in
Fig. 8. The result obtained with the 38-channel model,
i.e. from Sections 4 and 5, is also shown for com-
pleteness.

The initial power increase up to around 0.2s is practi-
cally unaffected by the T/H channel lumping scheme,
but, after that time, the solutions start to diverge, and
a more rapid increase is obtained as the number of
channels is reduced.

The time of the power peak is unaffected by the num-
ber of channels (i.e., is identical in all solutions), while
the power peak magnitude becomes larger as the
number of channels is reduced.
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Fig. 8: Reactor Power at HZP as a Function of Core
T/H Lumping Scheme in RETRAN-3D.
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This effect is, however, only clearly observed when
the number of T/H channels is reduced to 25 or 19.
For the 38-channel case, the solution is practically
identical to that of the full-core model, justifying the
selection of this lumping scheme. This illustrates that
a minimum number of lumped T/H channels will, in
general, be required to obtain a converged RETRAN-
3D solution. In this case, 38 T/H channels is sufficient.

To understand the reason for the above behaviour,
the reactivity components during the transient were
compared between the different schemes. It was
found that, for all solutions, the total core reactivity,
shown in Fig. 9, which here has a behaviour close to a
step reactivity insertion due to the very fast rod ejec-
tion, was, up to just below 0.2s, practically identical in
all cases. Up to this time, the negative feedback from
changes in Doppler and coolant density are very close
to zero, as can be seen for instance in Fig. 10 which
shows the Doppler reactivity for the different solutions.
This illustrates that, as expected, the T/H lumping has
practically no effect on the neutronics solution when
the feedback variables remain unchanged.

Total Reactivity

Doppler Reactivity

r
i
-̂— :

- 157 Channels (Full core)
• 38 Channels

- - 25 Channels
— 19 Channels

2.5
Time (s)

3.5 4.5

Fig. 9: Total Reactivity at HZP as a Function of Core
T/H Lumping Scheme in RETRAN-3D.

In Fig. 10, it is observed that up to around 0.17-0.18s,
no differences in Doppler reactivity exist between the
solutions while, after that, some divergence may be
observed and the Doppler reactivity of the coarser so-
lutions (25- or 19-channel solutions) becomes increas-
ingly delayed compared with the full-core solution.

Although not shown here, it was found that a delay in
the negative reactivity increase due to coolant density
was also obtained as the numbers of T/H channels
was reduced. However, this delay was much smaller
than for the Doppler, and could only be clearly seen
after the power reversal.

It is clear that, if the Doppler feedback is delayed, the
reactor power will rise more rapidly, explaining the
higher power peak obtained with a coarser T/H lump-
ing.
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Fig. 10: Doppler Reactivity at HZP as a Function of
Core T/H Lumping Scheme in RETRAN-3D.

As has been seen, the power peak magnitude is in-
creased as the T/H mesh becomes coarser, while the
time for the power peak remains unchanged.

This implies a broader power peak, i.e. a larger en-
ergy deposition, as the number of T/H channels is re-
duced. This is confirmed in Fig. 11, which shows the
maximum centreline temperature as a function of the
T/H grouping scheme.
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Fig 11: Maximum Centreline Temperature at HZP as
a Function of Core T/H Lumping Scheme in
RETRAN-3D.

5.2 Moderator Temperature

This second sensitivity study aims to illustrate how the
lack of a moderator temperature dependency in the
X-S model influences the transient results, as dis-
cussed in Section 2.2. There, it was mentioned that
the lack of such dependency in the CORE-
TRAN/RETRAN-3D X-S would introduce a bias, since
the X-S library base cross-sections would need to be
generated for a given reference temperature, while
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the final nodal cross-sections would not be corrected
for variations in the actual nodal temperature.

To investigate the impact of the bias on the steady-
state and transient results, a new X-S library was
generated with the base cross-sections derived this
time at the Reference Moderator Temperature (RMT):

T^F = 306 °C . New static and transient calculations

were then performed for both the HZP and the FP
cases. In Table 5, the HZP steady-state results are
presented. The results obtained previously with

T^F = 286 °C are given for completeness in paren-

theses.

Table 5: Static Results at HZP as a Function of X-S
Library Reference Moderator Temperature.

| Results

I Critical Boron Concentration (ppm)

I Nodal Peaking Factor (-)

I Static Rod Worth(pcm)

I CORETRAN
I 1128.4(1134.8) |

I 2.189(2.188) |

1 967.9(956.9) |

RETRAN-3D

1128.6 (1134.0)

2.188(2.189)

968.1 (957.3)

As can be seen, all static parameters are modified in a
consistent manner in both CORETRAN and RETRAN-
3D when the RMT of the X-S library is changed to

7 ^ = 3 0 6 ^ from T*EF =2S6°C. It must be

emphasised that the change, for all static parameters,
is very small, and lies well within the range of the pre-
viously published solutions. However, the boron con-
centration has, for instance, decreased, reflecting the
fact that the codes now predict a slightly lower core
reactivity.

The reason for this was found to be that increasing
the RMT at HZP conditions (where the core is charac-
terised by a uniform coolant temperature of 286 °C)
has, in all nodes, introduced a positive bias in both the
thermal-absorption X-S and the thermal-fission X-S:

^-'Bias ^ 0 and A Z ^ > 0

In turn, it was found that, in all nodes, the relative
change in thermal-absorption X-S was larger than in
the thermal-fission X-S: i.e.,

?abs,2
-'Bias

fiss'2
>1 (5)

This shows that the relative capture-to-fission ratio
has been increased, explaining the lower core reactiv-
ity, which is reflected here by the lower boron concen-
tration obtained with T™F = 306 °C .

The impact on the dynamic results, see for example
Fig. 12, where the reactor power for the HZP case is
shown for the different values of RMT, is discussed
below.

Clearly, the power peak is both earlier and higher

when T^F = 306 °C . This is mainly due to the effect

of the X-S bias on the control rod worth.

~s~ REFERENCE
CORETRAN (286 0C)

• - • CORETRAN (306 PC)

Fig. 12: Reactor Power at HZP as a Function of X-S
Library Reference Moderator Temperature.

Indeed, as shown in Table 5, the static rod worth in-
creases with an increased RMT, implying that a larger
amount of positive reactivity is introduced in the core
when the rod is ejected.

Since the rod movement speed is kept unchanged,
this means that the reactivity insertion rate is in-
creased, leading to a faster exponential rise during the
super-prompt-critical phase. The reason for this was
investigated by comparing the relative nodal change
in thermal-absorption and fission X-S using both X-S
libraries; i.e., with different RMTs. Here, the library

generated with rpREF _= 286 °C is denoted by the in-

dex I, while that created with T™F = 306°C is de-

noted by II.

For a given node, the decrease in thermal-absorption
and thermal-fission X-S, going from a controlled to an
uncontrolled state is, with Library I:

CA
<0

and with Library II:

• < 0

(6)

(7)

where A2^2 is the correction in the X-S due to the
control rod.

Since T*EFJ <T^EFJI, it is clear from Eq.4 that, in all
nodes,

AT11 < AT1

IXZjBias,a2 - IXZjBias,a2

Hence,

AX'CA AX'CA

(8)

(9)
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Eq. 9 shows that the relative decrease in thermal-
absorption when a node becomes uncontrolled is lar-
ger using T™F =T™FJI =306°Cfor this HZP cal-
culation.

Similarly, it can be shown that the relative increase in
fission cross-section, when the node becomes uncon-
trolled, is larger using T™F = T™FJI = 306 °C . That
is,

AZ91 A Z C A

/2

(10)

Hence, Eqs. 9 and 10 show that the relative decrease
in thermal-absorption, and increase in thermal-fission

X-S, are both larger using T*EF = 306 °C instead of

T™F = 286 °C, as used for the RMT in the X-S li-
brary. Both these effects induce a positive reactivity,
which explains the higher static rod worth obtained

with T*EF = 306 °C. In turn, during the transient, the

incremental change, given in Eqs. 9 and 10, will lead
to a faster and higher exponential increase of the re-
actor power when using T^EF =306°C , as illus-
trated in Fig. 12.

6 CONCLUSIONS

The OECD/NEA PWR rod ejection benchmark has
been analysed with the 3-D spatial-kinetics codes
CORETRAN and RETRAN-3D.

The following results were obtained.

• The 3-D solutions of CORETRAN and RETRAN-
3D were found to be in very good agreement for
both steady-state and transient conditions. This re-
sult gives confidence in using these codes for tran-
sient analyses at PSI. In particular at HZP, the ex-
cellent agreement in the initial steady-state 3-D
power distribution, and with regard to the core
power excursion during the super-prompt-critical
phase of the transient (i.e. when the negative reac-
tivity feedback is still very weak), illustrates the
consistency in the neutronics solvers in the two
codes.

• At both HZP and FP conditions, the CORETRAN
and RETRAN-3D results lie well within the range of
the previous benchmark solutions. In particular at
HZP, both codes predict a power excursion and an
increase in maximum pellet temperature which are
among the closest results to those given by the
benchmark reference solution. If must here be em-
phasised that these analyses are by no means a
validation of the codes. However, the good agree-
ment of both CORETRAN and RETRAN-3D with
other 3-D solutions does illustrate the ability of the
codes to analyse core transients.

In parallel, it was found appropriate to perform, for this
well-defined, international benchmark problem, some

sensitivity studies, in order to assess the impact of
modelling options and methodology aspects on the
CORETRAN and RETRAN-3D results.

In this paper, the effects of lumping fuel assemblies
into thermal-hydraulically homogenous core regions,
and its impact on a 3-D kinetic RIA analysis, are dis-
cussed. The RETRAN-3D results show that, if the
number of T/H channels is reduced, the increase in
negative reactivity feedback (mainly from the Doppler
temperature) will be delayed, allowing a faster and
larger power excursion, and thereby increasing the
conservatism of the analysis. The delay is strongly af-
fected by how well the flux heterogeneities, i.e. initially
at steady-state and during the transient, are captured
by the channel lumping. In general, there will exist a
threshold value for the number of T/H lumped chan-
nels in order to obtain similar results to the full-core
representation. If the number of T/H channels is re-
duced below this threshold value, an increasingly lar-
ger delay in the Doppler reactivity feedback will ap-
pear, leading to increasingly conservative results. In
that perspective, the 38-channel scheme, based on
both the initial CORETRAN full-core static power dis-
tribution and the expected asymmetrical transient flux
gradients around the ejected rod, was found to be suf-
ficiently accurate: i.e., gave results nearly identical to
the full-core solution.

A second sensitivity study was presented in this re-
port. This showed that if the 3-D node-averaged, ho-
mogenized cross-sections are generated with a lattice
code for a given set of variables (in this case only in-
stantaneous), then the cross-section model in the up-
stream nodal kinetics code must include a depend-
ency upon the same variables. This was illustrated in
this benchmark from the observation that the cross-
sections are generated as functions of four instanta-
neous variables, including the moderator temperature,
while the CORTRAN/RETRAN-3D cross-section
model lacks a dependency upon this variable. This
introduces a bias during the evaluation of the nodal
cross-sections which can influence the outcome of the
transient analysis. Therefore, it is recommended to
update the cross-section models in CORETRAN and
RETRAN-3D in order to take into account the modera-
tor temperature.
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PRE AND POST TEST ANALYSES OF A KKL TURBINE TRIP TEST AT
109% POWER USING RETRAN-3D

P. Coddington

As part of the PSI/HSK STARS project, pre-test calculations have been performed for a KKL turbine trip
test at 109% power using the RETRAN-3D code. In this paper, we first present the results of these calcu-
lations, together with a description of the test and a comparison of the results with the measured plant
data, and then discuss in more detail the differences between the pre-test results and the plant measure-
ments, including the differences in the initial and boundary conditions, and how these differences influ-
enced the calculated results. Finally, we comment on a series of post-test and sensitivity analyses which
were performed to resolve some of the discrepancies.
The results of the pre-test (blind) calculations show good overall agreement with the experimental data,
particularly for the maximum in the steam-line mass fiowrate following the opening of the turbine bypass
valves. This is of critical importance, since the steam-line flow has the least margin to the reactor scram
limit. The agreement is especially good since the control rod banks used for the selected rod insertion
were changed from those given in the test specification.
Following a review of the comparison of the pre-test calculations against the measured data, several defi-
ciencies in the RETRAN-3D model for KKL were identified and corrected as part of the post-test analysis.
This allowed for both an improvement in the calculated results, and a deeper understanding of the behav-
iour of the turbine trip transient.

1 INTRODUCTION

As part of the PSI/HSK STARS project, pre-test calcu-
lations were performed for a turbine trip test in the
Kernkraftwerk Leibstadt reactor (KKL) at 109% power
using the RETRAN-3D code. In this paper, we present
the results of these calculations, together with a de-
scription of the test and the RETRAN-3D model of the
reactor, and a comparison of the results against the
measured plant data. We then discuss in some detail
the differences between the pre-test calculations and
the plant measurements, including the differences in
the initial and boundary conditions, and how these
influenced the calculated and measured results. We
show through this study that it was possible to identify
several deficiencies in the plant model. Finally, we
comment on the post-test and sensitivity analysis
which was performed to resolve some of the model-
ling deficiencies, and the differences in the test initial
and boundary conditions. During the course of the
work undertaken to perform the pre- and post-test
calculations, significant modifications were made to
the RETRAN-3D input model for the plant.

The pre-test analysis had two aims: first, to provide an
independent set of pre-test calculations with which to
examine the margin to reactor scram for a turbine trip
incident at 109% power and, second, to provide an
assessment of the current status of the RETRAN-3D
code and the KKL model, and thereby to identify any
code or model deficiencies.

2 TRANSIENT DESCRIPTION

A turbine trip event in KKL is characterized by the
closure of the turbine stop valves (TSVs) and turbine
control valves (TCVs) to protect the turbine from over-
speed following loss of load on the turbine. The clo-
sure of the TCVs and TSVs produces a rapid increase
in the pressure upstream of the valves as the steam

flow is temporarily reduced. Since the KKL reactor
has a 110% steam bypass capacity, it is possible to
divert the steam flow into the condenser by opening
the bypass valves, and thereby avoid the necessity of
a reactor scram for such an event. The subsequent
opening of the turbine bypass valves mitigates the
pressure increase, and the pressure at the turbine
inlet falls. However, the opening of the bypass valves
causes a surge in the steam flow along the steam
line, in which the steam fiowrate may rise to a value
significantly above its steady-state value. The maxi-
mum in the pressure rise, and the increase in the
steam mass fiowrate, depend on the relative closure
of the TSVs and the opening of the bypass valves;
the rate at which the bypass valves open is depend-
ant upon the bypass valve control system logic.

The increase in the pressure at the turbine inlet
propagates back along the steam line as a pressure
wave into the reactor pressure vessel (RPV), increas-
ing the pressure. This then produces a collapse in the
core voids, with a subsequent increase in reactor
power. In order to mitigate this increase in power,
and as part of the plant protection system for such
events, a limited number of control rods are inserted
into the core following detection of a turbine trip (or
load rejection) event. The rapid insertion of these
rods (referred to as SRI, or Selected Rod Insertion),
reduces the power, so that no, or very little, power
increase as a consequence of the void collapse is
observed. In order to reduce the power over a longer
time-scale, the core flow is reduced by a reduction in
the re-circulation loop flow through closure of the flow
control valves (FCVs).

One of the goals of the test at 109% power, and con-
sequently one of the aims of the pre-test calculations,
was to examine how close the plant protection sys-
tem comes to reactor scram. There are three main
measured plant scram signals which are important for
this type of incident. These are the short-term re-
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sponse of the main steam-line flow, the reactor pres-
sure vessel (RPV) pressure, and the core power. The
increases in the RPV pressure and main steam-line
mass flowrate are strongly influenced by the closure
of the TCVs and TSVs, and by the opening of the
bypass valves. The short-term power response is
primarily dependent upon the effectiveness of the SRI.

3 RETRAN-3D INPUT MODEL

For the analysis of a turbine trip, or similar transient,
the RETRAN-3D input model requires three relatively
independent units: a description of the plant-specific
geometry, which includes the component nodalization
and the initial and boundary conditions; the plant con-
trol system, which provides the steady-state control
function, together with the operation of all of the plant
trip and emergency protection functions which, for a
turbine trip transient, dominate the calculated se-
quence; and the 1-D nuclear cross-sections. A RE-
TRAINED BWR/6 input model had been developed
previously [1,2], and used in the analysis of earlier
plant start-up tests [3]. However, in order to model a
turbine trip event for which the transient behaviour is
dominated by the response of the plant control and
protection system, a complete revision of the RE-
TRAN-3D control system model was necessary.

The RETRAN-3D nodalization of the reactor vessel is
presented in Fig. 1 and shows the lower plenum (con-
trol volumes 170 and 160), the upper plenum (150
and 140), with the core region lying between these
two regions, the steam/water separator (130 and 120),
the steam dome (110 and 100), and downcomer re-
gion (500 to 570). The feedwater enters the vessel at
control volume 530 and the steam flows out into the
steam line from control volume 500. The steam-line
nodalization is given in Fig. 2 and shows the fact that
each of the four physical lines from the vessel are
separately represented, as are the 16 safety relief
valves (v13 to v28) attached to the individual steam
lines. In the RETRAN-3D model, the four lines are

combined into a single line following the header (con-
trol volume 980), with the steam flowing to either the
turbine inlet (990), or to the condenser (995) via the
bypass valves (v29).

Since, for a turbine trip event in KKL, the plant control
and protection system plays a major role in the re-
sponse of the system, the RETRAN-3D representa-
tion required substantial improvements compared to
that used in [1]. These improvements were, in part,
necessary due to plant modifications to the turbine,
including the bypass valves.

Fig. 1: RETRAN-3D Vessel Nodalization

• •

Fig. 2: RETRAN-3D Steam Line Nodalisation.
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In particular, these included a revision of the pressure
regulator transfer function, the addition of the special
bypass valve opening logic, and a revision of the con-
trol system limits for operation up to 115% power.

In addition to upgrades to the control logic, the RE-
TRAN-3D model was further refined to improve the
steam and bypass line pressure drops using the
manufacturer's data, to characterize the RETRAN-3D
recirculation line flow control valves (FCV) to obtain
the correct core flow as a function of FCV position,
and finally to provide a transfer function to character-
ize the turbine bypass steam flowrate as a function of
the flow area of a RETRAN-3D "valve", again making
use of the manufacturer's data.

The RETRAN-3D 1-D neutron cross-sections were
prepared from a CASMO-SIMULATE core-follow cal-
culation using the radial collapsing code SLICK [2].
Since the first calculations of the turbine trip test were
pre-test calculations, the core-follow calculations were
performed up to the anticipated time of the test using
the projected control rod patterns, including that for the
test itself.

4 PRE-TEST CALCULATIONS

4.1 Comparison with Plant Data

The RETRAN-3D calculations performed prior to the
test (i.e. blind calculations) are presented in this sec-
tion, together with a comparison against the measured
plant data.

The turbine trip test in KKL was initiated by the clo-
sure of the turbine stop and control valves, and the
rapid opening of the bypass valves; comparison of the
measured and calculated control and bypass valve
position during the first second is shown in Fig. 3.
(Note that although, for a turbine trip event, the clo-
sure of the TSVs primarily controls the flow of steam
to the turbines, in this Figure only the plant data con-
trol valve position, and not the stop valve position, is
shown.) Also shown in Fig. 3 are two RETRAN-3D
bypass valve curves. These two curves represent the
positions of the bypass valve with and without a 70ms
pause in the opening. (The 70ms pause was intro-
duced to simulate the opening pause observed in this
and previous turbine trip tests.)

In Fig. 4 we show the bypass valve position during the
first 20 seconds, at the end of which time the transient
is close to a new steady-state condition. The short-
term response (0 to 5 seconds) of the turbine inlet and
steam dome pressures is shown in Fig. 5, and the
resultant steam flow in Fig. 6. In Fig. 7, we show the
reduction in the core inlet flow, while a comparison of
the equivalent recirculation line valve area is given in
Fig. 8. (Note that the equivalent RETRAN-3D valve
area, A, is related to the physical valve position, x,
through the expression: A = 0.1 + 0.1x + 0.8x2.) The
measured and calculated core inlet flow is taken from
the sum of the flows through the jet pumps. Finally,
the core power is shown in Fig. 9.
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Before commenting on the comparison shown in the
above Figures, it is necessary to compare the steady-
state conditions just prior to the test against the test
boundary conditions. These are presented below in
Table 1. Three columns are given in this Table: first,
the specifications for the test; second, the initial condi-
tions of the RETRAN-3D pre-test calculations; and
third, the conditions used for the initiation of the test.
The differences between the test specifications and
the RETRAN-3D calculations are very small, while
there are just two discrepances of significance be-
tween the pre-test specifications and the actual plant
state and test boundary conditions.

Firstly, the core flow was set at 87.5% and not at
91.5%, as in the pre-test specification, and secondly,
the control rod banks used for the SRI were changed
from banks 39 and 43 to banks 39 and 40. Since bank
40 is closer to the centre of the core, and contains
rods which are not fully withdrawn, this change will
(and does) produce a greater reactivity insertion, and
therefore a larger short-term and long-term power
reduction.
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Fig. 7: Total Core Inlet Flow.

This consideration should therefore be borne in mind
when reviewing the comparison between the pre-test
calculations and the plant data presented above,
since the change in SRI rod banks influences both the
short-term and long-term power (Fig. 9), the long-term
steam flow, and consequently the steam-line pressure
drop and final bypass valve position (Fig. 4), etc.
Given this limitation, the "general shape" of the core
power pre-test calculation is in good agreement with
the test data.

The reduction in the core flow (Fig. 7) as a conse-
quence of the closure of the FCVs is in good agree-
ment with the measured data, once again keeping in
mind the change in the initial core flowrate from 91.5%
to 87.5%, and therefore with the different initial FCV
positions. The calculated reduction in the re-
circulation line and core mass flowrates shows consis-
tently a more rapid response than that observed in the
plant data, and it is generally agreed that this comes
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from the long time-constant for these measurements,
which was not included in the pre-test calculations.

The short-term, ie 0 to 10s, response of the turbine
inlet and RPV pressure, and the steam flow along the
steam lines, is controlled initially (i.e. within the first
second) by the relative closure of the turbine stop and
control valves, the opening of the bypass valves, and
later by the response of the plant control system to the
system behaviour and, in particular, to the turbine inlet
pressure. Therefore, in order to understand the nature
of the RETRAN-3D pre-test calculations, and their
comparison with the plant data, it is necessary to re-
view the representation of the plant pressure control
system within the RETRAN-3D model for KKL.

Table 1: Test Initial Conditions.

Core Power (MWt)

Steam Dome Pres-
sure (bar abs.)

Turbine Inlet Pressure
(bar abs.)

Total Steam Flow
(kg/s)

Core Flow (kg/s)

Core Flow (%)

Recirc. Drive Flow
(kg/s)

FCV position A/B

Narrow Rng Level
(cm)

SRI Rod Banks

Test
Specif".

3420

73.1

69.7

1887

10202

91.5

39&43

RETRAN-
3D

3426

73.28

69.8

1891

10205

91.5

1649

0.6

91

39&43

Plant Data

3425

72.2

68.35

1886

9746

87.4

1589, 1599

0.5/0.54

94.7

39&40

4.2 RETRAN-3D Representation of the Plant Con-
trol Logic

The plant control system used within RETRAN-3D
was developed from that obtained as part of the origi-
nal input model for KKL [1]. The conversion of the
original TRAC input to a form to be used with the RE-
TRAN-3D code is described in [2]. As part of the pro-
cedure of benchmarking, the RETRAN-3D model de-
scription of KKL [3], and the pre- and post-test calcu-
lations of the turbine trip test from 109% power de-
scribed here, significant revisions were made to the
RETRAN-3D representation of the pressure controller
part of the control system.

The RETRAN-3D representation of the pressure con-
troller can be described by the block diagram shown
in Fig. 10, which shows those elements of the control
system flow diagram which relate to the opening and
subsequent control of the turbine bypass valves.

Diagrams showing the complete control system logic
contained in the original input model can be found in
[2]. The main elements of the control logic are: the
"live steam pressure" just upstream of the turbine

inlets is sensed and subtracted from a reference
value; the resultant pressure difference signal is then
passed through a "transfer function" logic; this signal
is then converted into a percentage steam flow (block
3) in which a pressure difference of 2.0704 bar corre-
sponds to a steam flow of 100%; the pressure control-
ler signal (percentage steam flow) flow path to the
turbine bypass valves first passes through a function
which converts the percentage steam flow into a tur-
bine bypass demand signal and, as part of the up-
grade of the control logic, a revised transfer function
was derived using the valve manufacturer's data for
the steam flow versus bypass valve position. Using
this information, the percentage steam flow signal
could be directly related to a valve position. Secondly,
in the revised representation of the bypass valve con-
trol system, an additional logic step was added to
control the initial opening rate of the bypass valves.

Finally, a transfer function was used to convert the
plant valve position signal to a RETRAN-3D valve flow
area. This transfer function was developed using the
following procedure, to preserve the same steam
mass flowrate through the plant and the RETRAN-3D
valve. The total bypass valve flow area in the RE-
TRAN-3D model was determined from previous
analyses, and a simple stand-alone RETRAN-3D
model was then constructed to determine the steam
mass flowrate through this valve as a function of the
valve relative flow area. The pressure at the valve
throat in the stand-alone model was adjusted to be the
same as that used to determine the plant valve char-
acteristics. In the RETRAN-3D model, the flow
through the valve is governed by critical flow, so that
the flowrate is a simple linear function of the valve
area.

In addition to the representation of the plant control
logic, the RETRAN-3D model included a logic block to
simulate the "mechanical" pause in the opening of the
bypass valves, as shown in Fig. 3, for example.

4.3 Bypass Valve Demand Signal and Position

In order to gauge the adequacy of the revised model,
the calculated bypass valve demand signal from
Blocks A and B in the logic diagram (Fig. 10), together
with the resultant valve position from Block C, are
compared in Fig. 11 with the measured signals from
the turbine trip test. (It should be noted that the calcu-
lated valve position, Block C in Fig. 10, is upstream of
the transfer function, which converts the valve position
into an equivalent RETRAN-3D valve area.) A number
of observations can be made.

- Firstly, the initial timings are somewhat arbitrary,
since the calculated valve position includes the
70ms pause which is part of the valve opening
mechanism in the plant.

- Secondly, the bypass position rises to that of the
demand signal, and remains at that value, together
with the demand signal, until after 3 seconds. The
shoulder in the demand signal occurs at about
67% in the RETRAN model, and at 76% in the
plant data.
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Fig. 10: RETRAN-3D Representation of the Bypass
Control Logic.

The calculated value comes from a transfer func-
tion deduced from the valve bypass data such that
the initial 109% steam flow of 1885 kg/s corre-
sponds to a bypass valve position of 67%.

- Thirdly, following the shoulder, the measured and
calculated increase in the bypass demand signal
comes from the rapid rise in the turbine inlet pres-
sure (Fig. 3) as the turbine stop valve closes. The
rate of increase in the calculated and measured
demand signal is then dependent on the magni-
tude of the turbine inlet pressure and the transfer
function, and we see that this is faster in the calcu-
lation than in the measured plant data.

- Fourthly, the limit in the calculated bypass demand
signal comes from the limit placed on the maxi-
mum percentage steam flowrate signal. In the
original control system model, the maximum steam
flow was set in Block A (Fig. 10) to be 115.5%, and
this was scaled in this analysis for the power up-
rated conditions to 127%. This translates into a
valve demand signal of approximately 90%, using
the bypass valve data. In the plant measurement,
the demand signal increases to close to 100%, be-
fore beginning to fall.

The calculated valve position (Block C, Fig. 10), and
the measured valve position, also exhibit slightly dif-
ferent behaviour. The initial opening of the measured

plant bypass valve position follows very closely the
behaviour of the demand signal, with almost equal
rates of increase (apart from the initial pause), while
the rate of opening according to the calculation is
reduced by an amount equivalent to an additional time
constant of approximately 0.1s.

Finally, following the initial jump in the valve position
(to follow the demand signal), the rate of increase in
both the measured and calculated bypass valve posi-
tion (between 0.5 and 1.0s) decreases. However,
whereas the plant data shows that the valve begins to
close after 1.0s (in line with the fall in the demand
signal), the calculated valve position rises to that of
the demand signal, and remains at that value, to-
gether with the bypass valve demand signal, until after
3 seconds.
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Position.

4.4 Turbine Inlet and RPV Pressure

As stated above, the opening and closing of the by-
pass valves uses the same pressure control logic as
that for the turbine valves, and so is determined by the
sensed pressure at the entrance to the turbine. The
comparison between the calculated and measured
turbine inlet pressures is given in Fig. 5. As can be
seen from this Figure, after the initial increase in the
pressure as the turbine control/stop valves close, and
the subsequent fall in pressure as the bypass valves
open at approximately 1.0s, the calculated pressure is
significantly higher than the measured value. For ex-
ample, at 1.5s, the calculated pressure is 71.36 bar
compared with the measured pressure of 67.42 bar.
More importantly, the calculated pressure remains
above the steady-state value of 69.7 bar until after 2
seconds. The significance of this is that this pressure
equates to a bypass valve demand signal equivalent
to a steam flow of 109%. In addition, although the
turbine inlet pressure falls below this value at 2.0s, the
demand signal does not fall from its limit value until
close to 3.0s. One factor which contributes to this
delay is the fact that no limits were placed on the first
PI controller in Fig. 10. This means that, internal to the
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control system, the valve demand is unlimited. The
limits placed on the demand signal were imposed
further along the signal path.

In spite of the above, the most significant difference
between the measured and calculated pressures (af-
ter the first second) is in the pressure drop along the
steam line. For the steady-state condition prior to the
test, the calculated pressure drop is 3.6 bar, com-
pared with the measured value of 3.9 bar. However,
after the first 1.5s, whereas the measured pressure
drop increases in line with the increase in the steam
flow (Fig. 6), the calculated value decreases. The
reason for this difference comes from the re-routing of
the steam to the bypass valves (Fig. 2).

During the development of the RETRAN-3D input
model, use was made of steam-line pressure drop
data at 100% power, and at 65% power, to re-
calculate the overall pressure loss coefficients. In
addition, information from the plant defined the pres-
sure drop along the turbine bypass lines for a steam
flow of 2182 kg/s, and this then set the overall pres-
sure loss coefficients along these lines. Unfortunately,
in the use of the overall steam-line pressure drop data
to set the flow resistances, it is not possible to deter-
mine the distribution of these losses without additional
information. The procedure used therefore, without
that information, was simply to scale the losses in the
existing input, which included significant losses down-
stream of the main steam line to bypass line junction.
These losses are clearly not included in the flow path
if the steam flow is diverted along the turbine bypass
flow path, and this explains the reduction in the calcu-
lated steam-line pressure drop after the first 1.5s even
though the steam flow at this time is in excess of
120%. In addition, the pressure distribution at the
junction connecting the bypass line to the main steam
line is not correctly accounted for in this model. In
particular, the RETRAN-3D pressure change along
the steam line when the major part of the flow is di-
rected along the bypass lines has been shown to be in
error [4].

The measured data, on the other hand, shows a pres-
sure drop of 4.6 bar at 2 seconds, when the steam
flow is -125 %, which is equivalent to a (steady-state)
pressure drop of 3.5 bar for a steam flow of 109%,
indicating that almost all of the measured pressure
drop is up-stream of the steam-line to bypass-line
junction.

Finally, in the plant, there is, during the first 5 sec-
onds, a small residual flow along the steam lines to
the feedwater re-heaters, since the valves in these
lines take about 5 seconds to close. This flow was not
represented in the pre-test RETRAN-3D model.

After the first 1 to 2 seconds, the transient steam flow,
both in the calculation and the measured plant data
(Fig. 6), is totally consistent with the expected steam
flow through the bypass valves. This means that the
steam flow can be directly related to the bypass valve
position (Figs. 3 and 4) through the bypass valve
characteristics.

In summary, after the initial bypass valve opening, i.e.
after the first one second, the bypass valve position,
and therefore the steam flow etc., is determined by
the turbine inlet pressure; this is too high in the pre-
test calculation, primarily because of the error in the
distribution of the main steam-line flow resistances.
One further difference, which is observed in Fig. 4,
between the calculated and measured bypass valve
position is that during the valve closure the valve clo-
sure rate is significantly greater in the calculation than
that measured. This difference comes from the fact
that, in the plant, the valve closure is limited by the
valve characteristics, and this is not included in the
RETRAN model. To confirm this, we can see (Fig. 11)
that the calculated and plant bypass valve demand
signals fall at approximately the same rate, and that
the measured valve position falls at a much slower
rate than that of the measured bypass valve demand
signal.

4.5 RPV Pressure and Steam Flow

Following the initiation of the turbine trip, and closure
of the turbine stop valves, the steam flow to the tur-
bine is reduced, and the turbine inlet pressure in-
creases. The increase in pressure therefore propa-
gates back along the steam line as a pressure wave,
so that the measured parameters of steam flow and
RPV pressure occur some time later. (Note that the
measured steam-line flow, Fig. 6, corresponds to a
physical location just downstream of the connection to
the vessel: i.e., control volumes 902, etc. in Fig. 2.)
From Figs. 5 and 6, we see that the steam mass rate
begins to decrease approximately 200 to 250ms after
the initial rise in the turbine inlet pressure, while the
RPV pressure begins to increase after a further 70 to
80ms delay. The delays calculated with RETRAN-3D
are approximately 40ms less than the measured val-
ues.

The reduction in the steam mass flowrate as the tur-
bine stop valves close, and the bypass valves open, is
more pronounced in the calculation than in the plant
measurement. However, it should be noted that the
instrumentation has a time resolution of ~50ms, which
is long on the time-scale of the flow reduction, and this
was not included in the pre-test calculation.

After the first half second, the bypass valves are more
than 50% open (Fig. 3), and so the "steady-state"
flowrate through these valves is more than 1400 kg/s.
This sudden increase in the steam flow at the turbine
bypass propagates as a rarefaction wave back, first
along the bypass line, producing a rapid decrease in
the turbine inlet pressure, and then along the main
steam line, producing the observed increase in the
main steam line mass flowrate beginning at approxi-
mately 0.7s (Fig. 6). The rate of the steam mass
flowrate increase will be influenced not only by the
steam flow into the turbine bypass (and therefore by
the bypass valve position), but also the sonic
propagation of this information back along the steam
line. Because the location of the steam flowrate
measurement is so far removed from the bypass
valves, i.e. at a distance corresponding to a sonic
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a distance corresponding to a sonic propagation time
of typically 200ms, it is not possible during this first
phase of the transient to directly relate the steam flow
through the bypass valves to the measured value. The
peak steam flowrate is reached after 1.1 to 1.2 sec-
onds, and the calculated value shows a transient
overshoot before it reaches a "steady-state" value
after about 1.5 to 2s. This overshoot is not seen so
clearly in the measured data, which is partly explained
by the 50ms instrumentation time resolution. As was
observed above after about 2s, "steady-state" condi-
tions are obtained in both the measured and calcu-
lated steam flowrates, i.e. the flowrate is a constant
value along the steam line.

4.6 Summary of Pre-Test Calculations and Errors

In the above Sections, we compared the results of the
pre-test calculation with the measured plant data and,
from this, identified several differences, input model
errors and deficiencies. These are summarized below,
and were subsequently used as the basis of a post-
test and sensitivity analysis of this test.

Input and Boundary Conditions: In Section 3.2
above, it was noted that the control rod banks used in
the 109% power test were changed from those given
in the test specification. This change produced a sig-
nificant increase in the rod worth of the inserted
banks, and so resulted in a greater than calculated
power reduction. In addition to the change in the con-
trol rod banks, the other obvious difference in the ini-
tial and boundary conditions was the change in the
core flowrate from 91.5% to 87.5%.

Steam Line Characteristics: In Section 3.6, it was
clearly seen, from a comparison of the calculated and
measured steam-line pressure drop before and during
the transient, that there was a significant "error" in the
distribution of the pressure loss along the steam line.
In order to demonstrate how this distribution influ-
ences the results of the calculations, a post-test calcu-
lation was performed with a redistribution of the pres-
sure losses along the steam line.

Turbine Stop Valve Closure and Steam Flow: Since
the initial rise in the turbine inlet pressure is depend-
ant on the reduction in the steam flow into the turbine,
and therefore on the rate of closure of the turbine stop
valve, a comparison of the stop valve position with the
equivalent calculated parameter was made. This
showed similar behaviour, except for the final 10%.
However, equally important in calculating the residual
flow along the steam lines to the turbine is the flow to
the feedwater re-heaters, which goes to zero over a
relatively long period (typically 5s). A simple represen-
tation of this residual flow was included in the post-
test analysis.

Control System Representation: Several "errors"
were identified in the representation of the pressure
controller and, in particular, in those aspects which
influence the bypass valve opening. Firstly, the by-
pass demand signal includes an additional time-
constant of ~0.1s, and this was removed. Secondly,
limits were placed on the first PI integral in the pres-

sure controller, and thirdly, the influence of the 50ms
time resolution of the flow instrument on the calcu-
lated steam flow was investigated.

Bypass Valve Closure: It was mentioned above that
the closure of the bypass valves is controlled by the
mechanical characteristics of the valves, and not by
the control system and the value of the bypass valve
demand signal. Since this feature is difficult to include
in a computer model, a sensitivity analysis was in-
cluded to examine the consequences of these charac-
teristics.

5 POST-TEST ANALYSIS

In line with the above comments, a series of post-test
calculations was performed. Each of these calcula-
tions added, in a cumulative manner, one or more
model corrections to overcome the above deficien-
cies. Some results of the individual calculations are
presented in the following sections. These concen-
trate primarily on those parameters modified by the
model changes associated with that specific calcula-
tion. Finally, a more general review of the final
calculation is presented. The post-test analysis was
not intended to be a definitive and final analysis, but
was performed to examine the model and
calculational deficiencies highlighted during the review
of the comparison of the pre-test calculations with the
measured plant data. However, it is clear that there
remain some small differences between the
calculations and the measured data.

5.1 Run 1: Initial and Boundary Conditions

The first set of post-test calculations were performed
to correct for differences between the pre-test initial
and boundary conditions; that is, the insertion of rod
banks 39 and 40 instead of 39 and 43, and the
change in the initial core flow from 91.5% to 87.5%. In
addition to these changes, the timing for the insertion
of the SRI control rods was revised. The results of
these changes can be seen most directly in Figs. 12
and 13, which show the core power and the total core
flow, respectively. Included in Fig. 13 is a curve show-
ing the effect of including a 2.5s time-constant to the
calculated core flow. As can be seen, this results in a
very close agreement between the calculation and the
measurement.

The comparison between the revised core power (Fig.
12) and that from the pre-test calculation (Fig. 9)
shows a significant improvement in the prediction of
both the short-term (1 to 2s) and the long-term (>10s)
power. In particular, in the long term, as the reactor
re-establishes a new steady-state condition, the calcu-
lated and measured powers approach the same
value.

This confirms the fact that the "steady-state" power
reduction, as a consequence of the control rod inser-
tion and flow reduction, have been correctly calcu-
lated. There is, however, still a difference in the tran-
sient power reduction as the SRI control rods are in-
serted.
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Fig. 13: Post-Test Run1: Core Flow.

This difference is thought to be associated with the
changing 3D flux distribution, and is therefore not
captured with the current 1D neutron diffusion calcula-
tion. In addition to the possible change in the 3D flux
distribution, the 1D representation of the core means
that the wide range of steady-state fuel temperature
distributions and rod thermal time-constants, which
occur as a consequence of the different fuel/clad gap
conductivities, are represented by a single equivalent
value. The different initial fuel temperatures and rod
time-constants will influence the initial power drop by
modifying the change in the reactivity feed-backs,
through the change in the fuel temperature (Doppler
coefficient) and rod surface heat flux (void coefficient).

5.2 Run 2: Steam Line Characteristics

As was described above, it was observed during the
review of the pre-test calculation that, although the
steady-state, steam-line pressure drop is correctly
predicted, the calculated pressure drop following the
opening of the bypass valve is only about half the
measured value. Several features of the plant contrib-

ute to this difference, one the most important of which
is the distribution of the steam-line pressure losses,
since any pressure loss located between the steam-
line to bypass junction and the turbine inlet will not be
included in the steam-line pressure drop following the
opening of the bypass valves. In addition, the pres-
sure changes at the bypass line to main-steam-line
junction as the flow is diverted, and will influence this
behaviour.

In order to demonstrate the importance of this effect,
the equivalent of two velocity heads was moved from
downstream to upstream of the bypass-to-main-
steam-line junction. It should be noted that this value
was chosen to demonstrate the importance of the
distribution of the pressure losses, and is not meant to
be a final value.

The results of this calculation can be seen in Figs. 14
and 15, which show, respectively, the measured and
calculated reactor pressures (Fig. 14) and the bypass
valve demand signal and position (Fig. 15).

The differences between these results and those of
the pre-test calculation (Figs. 5 and 11) can be ex-
plained as follows: since the steam flow through the
bypass valves is choked, the mass flowrate is only
weakly dependent upon the upstream pressure, while
the strongest dependence comes from the valve posi-
tion (and therefore the control system), which is "fully"
open during the first 2 to 3 seconds. In addition, the
pressure in the RPV changes slowly and is deter-
mined by the reduction in power, and is again only
weakly dependent upon the steam flowrate.
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Fig. 14: Post-Test Run 2, Turbine Inlet and RPV
Pressure.

Therefore, since the steam mass flowrate and the
RPV pressure are relatively independent of the sys-
tem behaviour during the first few seconds, the pa-
rameter which changes as a consequence of the
change in the steam-line flow resistance is the turbine
inlet pressure, and this can clearly be seen from the
comparison of post-test and pre-test calculations
shown in Figs. 14 and 5.
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The effect of the reduction in the calculated turbine
inlet pressure on the bypass valve demand signal and
position can be seen by comparing Figs. 15 and 11.
Here we see that the reduction in the turbine inlet
pressure (which is the sensed signal for the pressure
controller) shortens the time for which the calculated
bypass valve demand signal is at its maximum from 3
to 2 seconds

5.3 Run 3: Re-Heater Flow

An additional feature of the plant, which was not in-
cluded in pre-test calculations, was the steam flow to
the feedwater re-heaters and other auxiliary equip-
ment. For the post-test calculation, the data for the
steam flow to the re-heaters and auxiliary equipment
was taken from the plant data acquisition system. This
flow decreases to zero over 5 seconds as the re-
heater-line valves close. In order to simulate this
within the RETRAN-3D model, the re-heater flowrate
was translated into a residual flow through the turbine
stop and control valves. Again, no attempt was made
to "optimize" the input stop/control valve position,
since the post-test calculations were performed only
to identify and highlight the importance of the various
phenomena and features of the plant. The compari-
sons of the resultant RPV and turbine inlet pressures
against the measured data are shown in Fig. 16. It
can be seen from a comparison of Figs. 16, 14 and 5
that both the redistribution of the steam-line pressure
losses and the re-heater flow considerably improve
the prediction of the turbine inlet pressure. The reason
for the improvement when the re-heater flow is in-
cluded comes from the fact that this additional flow
increases the steam-line flowrate and, as explained
above, since the RPV pressure is relatively independ-
ent of the steam flowrate, the turbine inlet pressure
must then fall.

In addition to the above improvements in the RE-
TRAN-3D calculation, the inclusion of the re-heater
flow has two further effects. Firstly, the reduction in
the steam flow as the turbine stop and control valves
close is not as abrupt. The effect of this is shown in

Fig. 17, which gives the steam-line mass flowrate for
this calculation. A comparison of this Figure with the
equivalent pre-test calculation (Fig. 6) shows a signifi-
cant improvement in the prediction of the minimum
steam mass flowrate. Also included in Fig. 17 is a
curve showing the steam flowrate after passing
through a 50ms filter, as calculated by RETRAN, mak-
ing it therefore more directly equivalent to the meas-
ured flowrate.
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Fig. 16: Post-Test Run 3, Turbine Inlet and RPV
Pressure.

Secondly, as a consequence of the less abrupt reduc-
tion in the steam-line flow during the turbine stop and
control valve closure, the peak in the turbine inlet
pressure is reduced. The calculated pressure increase
is now 6.7 bar compared with a pre-test value of -7.7
bar, and a measured value of 5.8 bar. This can be
seen more clearly in Fig. 18, which gives a compari-
son of the change in the pre- and post-test turbine
inlet pressure.

109% TT: RETRAN Post-Test run 3
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Fig. 17: Post-Test Run 3, Steam-Line Mass Flow-
rate.
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Fig. 18: Change in Turbine Inlet Pressure.

Finally, the reduction in the initial increase in the cal-
culated turbine inlet pressure produces a correspond-
ing reduction in the rise in the RPV pressure, which is
now smaller than the measured value. This difference
occurs because of the diffusive nature of the RETRAN
numerical scheme.

5.4 Control System Changes and Bypass Valve
Closure Rate Limit

Two "errors" in the revised representation of the pres-
sure controller were identified as part of the review of
the pre-test calculations. These were the inclusion of
an additional time-constant of ~0.1s in the bypass
valve demand signal, and the lack of limits on the first
PI controller in the pressure controller. In the revised
calculation, the 0.1s time-constant was removed, and
an upper limit was placed on the PI integral. In order
to determine the value of this limit, use was made of
the fact that the effect of the "Maximum Combined
Flow Limiter was adjusted to initiate at a total steam
flow of 2120 kg/s." A limit was therefore placed on the
integral of 124.7% (i.e. the ratio of a steam flowrate
limit of 2120 kg/s to the nominal 100% steam flowrate
of 1700 kg/s).

The final post-test model change to be included as
part of the review of the pre-test analysis was to im-
pose a limit on the bypass valve closure rate. The
closure-rate limit was set to 13%/s; this value was
simply taken from the observed plant data.

In addition to the model improvements which were
produced as a consequence of the comparison of the
pre-test calculations with the plant data, a further up-
date was included to reflect the fact that the bypass
valve opening logic was modified during the plant
outage immediately before the test, and was therefore
not included in the pre-test calculations.

The influence of the above changes to the control
logic on the calculated bypass valve demand signal
and position is shown in Fig. 19, where again the cal-
culated valve position is taken from Block C in Fig. 10;
i.e., immediately upstream of the valve position to
RETRAN-3D valve area transfer function. In order to

obtain the correct behaviour following the pause in the
plant bypass valve opening, the calculated and meas-
ured valve positions were matched immediately fol-
lowing this pause at 400ms. This was necessary be-
cause the initial pause is caused by the valve
mechanics, and not by the control logic. Figure 19
shows a distinct improvement in the calculation of the
bypass valve position in that the calculated valve
position now mirrors the demand signal in the same
manner as in the plant. The under-prediction of the
calculated valve position after about 0.5 to 0.6 sec-
onds therefore merely reflects the under-prediction of
the bypass valve demand signal.
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Fig. 19: Post-Test Final Bypass Valve Position from
0 to 2s.

The long-term bypass valve position is shown in Fig.
20, and the steam mass flowrate in Fig. 21. As a con-
sequence of the improvement in the bypass valve
opening, the maximum steam flowrate (Fig. 21) is now
in closer agreement with plant data. In the longer
term, i.e. after 1.5 to 2 seconds, when the steam
flowrate is approximately constant along the steam
line, the calculated steam flowrate is initially lower
than the measured value, even though the final valve
position (Fig. 20) is greater. This is consistent with the
plant observation that the measured steam flowrate
through the bypass valves is greater than that given in
the manufacturer's data curves.

5.5 Post-Test Calculation Summary

The results of the post-test calculations presented
above, which include the model improvements and
changes identified as part of the review of the pre-test
calculations, and the upgrade to the bypass valve
control logic, show a significant improvement in the
quality of the RETRAN-3D calculations. A summary of
the "improvement" in the post-test versus the pre-test
calculations is shown in Figs. 22 to 25, which show a
comparison between the pre-test, post-test and the
plant data for the bypass valve position, turbine inlet
pressure, steam flowrate, and core power, respec-
tively.
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During the course of the post-test analysis, two further
differences between the calculations and the meas-
ured data were identified which warrant further inves-
tigation. These are: firstly, the under-prediction of the
immediate power reduction as a result of the selected
control rod insertion, and secondly, the possible cor-
rection of the bypass valve flow characteristics de-
duced from plant measurements.

6 SUMMARY AND CONCLUSIONS

As part of the PSI/HSK STARS project, pre-test calcu-
lations were performed using the RETRAN-3D code
for the KKL turbine trip at 109% power. In this paper,
we present the results of these pre-test calculations,
together with a description of the turbine trip test, and
a comparison of the results with the measured plant
data.

We then discuss in greater detail the differences be-
tween the pre-test results and the plant measure-
ments, including the differences in the initial and
boundary conditions, and how these differences influ-
ence the calculated and measured results.
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Fig. 22: Bypass Valve Position from 0 to 20 s.
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Fig. 23: Turbine Inlet Pressure.

The results of the pre-test (i.e. blind) calculations
show good overall agreement with the experimental
data, particularly for the maximum in the steam-line
mass flowrate following the opening of the turbine
bypass valves. This is of critical importance, since the
steam-line flow has the least margin to the reactor
scram limit.

The agreement is especially good since major
changes were made during the course of the pre-test
analysis to the pressure controller logic obtained as
part of the original input model. These changes in-
cluded the use of the bypass-valve design data to
characterize the steam flow through the equivalent
"RETRAN" valves. Finally, the comparison was influ-
enced by the fact that the control rod banks used in
the test for the SRI were changed from those given in
the test specification in order to produce an increased
power reduction.
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As a consequence of the comparison of the pre-test
calculations against the measured data, several defi-
ciencies in the RETRAN-3D model were identified,
and corrected, as part of a post-test analysis. The
modifications included the following:

- The correction of the initial and boundary condi-
tions to those used in the test, the most critical of
which was the use of the correct control rod banks
for the SRI, since this had a significant effect on
the short- (~1.0 s) and long-term reactor power.

- The redistribution of the pressure losses along the
main steam lines, and the modification of the tur-
bine inlet flow following the trip of the turbine, to in-
clude the steam flow into the feedwater re-heaters.
These changes significantly improved the predic-
tion of the turbine inlet pressure, and therefore the
response of the main pressure controller.

- Some small remaining deficiencies in the RE-
TRAN-3D model of the pressure control logic were
identified and corrected. These produced an im-
proved prediction of the bypass valve demand sig-
nal, and the resultant bypass valve position.

- The bypass valve opening logic was modified to
reflect the changes made to the plant logic during
the plant outage immediately prior to the test.

The post-test analysis allowed for both an improve-
ment in the calculated results and a deeper under-
standing of the behaviour of the turbine trip transient.
Finally, during the course of the post-test analysis, two
further differences between the calculations and the
measured data were identified which warranted fur-
ther investigation. These are: the under-prediction of
the immediate power reduction as a result of the SRI,
which will be investigated as part of the implementa-
tion of a RETRAN-3D 3-D kinetics model, and a revi-
sion of the flow characteristics of the bypass valves
from the design data to that measured during the
course of plant tests.
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RELAP5/MOD3.2 POST-TEST ANALYSES OF ESBWR SYSTEM TESTS PER-
FORMED IN PANDA

D. Lubbesmeyer

The PANDA rig, in its configuration for the European Community Project for Technology Enhancement of
Passive Safety Systems (TEPSS), is a test facility to study the response of the containment to a break in
the main steam line of the European Simplified Boiling Water Reactor (ESBWR).

RELAP5/Mod3.2 has been used with some success for pre- and post-test calculations and analyses of
four different experiments from the TEPSS test series. A refined nodalization has been used to improve
the results in cases in which the tests have been non-symmetric, or in which counter-current flow condi-
tions may occur in the large-diameter, drywell-vessel connection pipe.

• For all the cases analysed, RELAP5 calculated the general parameters (pressures, temperatures, air
fractions in the vessels) of the experiments with an accuracy of approximately 10%.

• The refined nodalization used for the connecting pipe of the drywell, as well as that of the wetwell gas
space, resulted in a significant improvement for the non-symmetric cases, and preserved the accurate
results for the symmetric cases.

1 INTRODUCTION

The PANDA rig, in its configuration for the European
Community Project Technology Enhancement of Pas-
sive Safety Systems (TEPSS), served as a test facility
to study the response of the containment to a break in
the main steam line of the European Simplified Boiling
Water Reactor (ESBWR). PANDA is an integral con-
tainment test facility whose principal components are
four large vessels, simulating the drywell and the
wetwell. Other parts of the rig are a simplified reactor
pressure vessel (RPV), as the energy (steam) source
of the system, the Gravity Driven Cooling System
(GDCS), and three Passive Containment Coolers
(PCCs) as the system's energy sink.

The thermohydraulic system analysis code RE-
LAP5/Mod3.2 (Ref. [1]) has been used with some
success for post-test calculations of the initial PANDA
test series, as well as for pre- and post-test calcula-
tions and analyses of different experiments from the
TEPSS test series, especially the symmetric tests.
However, under non-symmetric conditions, e.g. when
steam was injected only into one of the two drywell
vessels, and with the other drywell vessel connected
to the operating PCCs, the results of the calculations
were less accurate.

The inaccuracies have been attributed to poor model-
ling of the gas flow in the large-diameter connection
pipe between the two drywell vessels, where counter-
current flow may exist; i.e., steam is flowing in one
direction in the upper layer, and air is flowing in the
lower layer in the opposite direction. Thus, both air
and steam are exchanged between the vessels at the
same time, whereas the net mass flow may remain
very low.

Usually, a pipe between two vessels is modelled in
RELAP5 by a PIPE component, which is a one-
dimensional component not allowing any counter-
current flow. Therefore, in what follows, the connec-

tion between the two drywells will be modelled in a
way which enables this kind of flow condition to be
represented. The modification will then be tested for
symmetric cases, where it should have no effect on
the results, and then used for non-symmetric cases,
where improved results should be obtained.

2 NODALIZATION OF THE PANDA FACILITY

PSI has performed post-test analyses for tests P2, P3,
P5 and P7 using RELAP5/MOD3.2. A sketch of the
basic nodalization used for these calculations is
shown in Fig. 1.

The PANDA test facility consists principally of 6 large
vessels (shaded grey): namely, the RPV, the two dry-
wells (DW1 and DW2), the two wetwells (WW1 and
WW2), and the GDCS tank. The two drywell vessels
are coupled by means of a large diameter (1 m) pipe,
and the two wetwell vessels by two pipes, one for the
gas space and one for the pool. Small diameter pipes
(less than 170mm) connect the different vessels to
each other and to the three Passive Containment
Coolers (PCC1 to PCC3), the nodalizations for which
may be seen in the upper part of Fig. 1, and consist of
primary (upper and lower collector drums and the
condenser tubes) and secondary (pool) sides. Similar
nodalizations have been used before by Faluomi and
Aksan (Ref. [2]) for the earlier PANDA tests (e.g. M2).
In contrast to the nodalization used by them, however,
the boundaries of the three PCC pools to the atmos-
phere are here modelled by specific separator models
in RELAP5; this allows only pure steam to leave the
pools (volumes 518, 548 and 578). The liquid fractions
from these separators are returned to the bottom of
the pools (volumes 519, 549 and 579). This specific
nodalization was used by Lubbesmeyer (Ref. [3]) for
PANDA TEPSS series pre- and post-test calculations.
In the following, results based on this nodalization will
be called "RELAP5 (old nodalization)" calculations.
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Fig. 1: Basic RELAP5 nodalization scheme for the PANDA test facility.
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Under non-symmetric conditions, the exchange of
fluid between the two drywell vessels may be of some
importance (e.g., to the injection of steam into the
pure air atmosphere of one of the two drywells). In
particular, counter-current, steam/air flow may occur
in the large-diameter connection line between the two
vessels, in which steam flows from the active vessel
into the passive one, replaces the air, which then
flows through the same connection pipe in the oppo-
site direction. Eventually, this leads to improved mix-
ing between the vessels; i.e., to a lower air concentra-
tion in one of the vessels, and a higher concentration
in the other. PCCs connected to the latter vessel will
start up later because they are fed with an air-rich
mixture for a longer time. As a consequence, heat
removal is degraded for a longer period, which even-
tually leads to a higher pressure increase in the sys-
tem.

For such non-symmetric cases, the basic nodalization
has been modified to allow counter-current steam/air
flows in the connection lines between the large drywell
and wetwell vessels by splitting the pipe into upper
and lower "layers" (volumes V245 to V248 and V340
to V343, respectively), which had to be connected to a
special "entrance zone" at the nozzles of the vessels
(volumes V222, V272 and V322, V372, respectively)
on both sides (see details in Fig. 1). In the following,
results based on this improved nodalization will be
referred to as "RELAP5 (improved nodalization)" cal-
culations.

The RELAP5 (improved nodalization) model consists
of 285 volumes, 323 junctions, 299 heat slabs, 13
valves, 3 separators, and 153 control variables. It was
used to perform simulations for TEPSS experiments
P2, P3, P5 and P7.

3 TEST P2 (EARLY START)

Test P2 is an early start-up test: it simulates the tran-
sition from GDCS injection to the long-term PCC cool-
ing phase (a condition which is anticipated to occur in
the ESBWR approximately 20 min after the LOCA);
i.e., the liquid level in the RPV is still rather low (below
4m), and the GDCS tank is half filled with water.

A sketch of the set-up used for this test is shown in
Fig. 2. Here, the parts of the system filled with water
are slightly darker than those filled with steam, air, or
a mixture of both. As can be seen, all three PCCs are
operational, but there is no interconnection between
the different PCC pools. (Detailed information on the
P2 test procedure and initial conditions are given in
Refs. [4] and [5]). The main objective of the test was
the investigation of the transition period from the
GDCS injection phase to the PCC long-term cooling
phase. This is expressed in terms of the filling of the
RPV from the GDCS tank, the heat removal by the
PCCs, and the pressure histories inside the vessels.

Figure 3 shows the collapsed liquid levels in the RPV
(top) and the GDCS tank (bottom), as calculated by
RELAP5 (thick curve, identifier P2c), compared with
the experimental results (dotted curve).

Fig. 2: Scheme of the PANDA test facility as used for
Test P2.
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Fig. 3: Collapsed liquid levels in the RPV (top) and
GDCS tank (bottom) as functions of time.

For this comparison, previous results from the RE-
LAPS (old nodalization, i.e. without special considera-
tion of the connection lines) have also been plotted
(thin lines, identifier P2). Because P2 is a symmetric
test (as a as steam injection is concerned), major a
symmetries are not to be expected, and the differ-
ences between the two calculations remain small, as
should be the case.

Figure 4 shows the liquid levels in each of the three
PCC pools. The RELAP5-calculated levels start to
decrease approximately 900s later than measured,
indicating a delayed start-up of the PCCs.
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Fig. 4: Collapsed liquid levels in PCC pools.

This leads to a higher maximum pressure — overes-
timated by 10 kPa - as can be seen in Fig. 5, where
the pressures inside the different vessels, as calcu-
lated by RELAP5 (improved nodalization) and RE-
LAPS (old nodalization), together with the analogous
experimental results (dotted lines), are plotted as
functions of time. After a general pressure drop within
the first half hour of the transient, which is due to the
refilling the RPV with relatively cold water from of the
GDCS pool, system pressures recover, and then
slightly decrease for the rest of the transient. Com-
pared with the experimental results, both RELAP5
calculations have underestimated the pressure de-
crease by about 5 kPa for the first half hour, and then,
after 1 h, have over-estimated the maximum pressure
by 10 kPa. Because drywell pressure falls significantly
below wetwell pressure during the first hundred sec-
onds of the transient, both vacuum breakers open for
some time; this was predicted by both RELAP5 calcu-
lations. However, both calculations have failed to pre-
dict a second, short vacuum breaker opening two
hours into the transient, as indicated by a dip in the
experimental pressure traces for both the RPV and
drywell. This pressure decrease was initiated by the
biased, open-check valve in the GDCS drain line,
which was not modelled in the RELAP5 simulation.

4 TEST P3 (PCCS START-UP)

The PCC start-up performance under non-symmetric
conditions was investigated in Test P3, an outline of
which is sketched in Fig. 6.

TIME (h)
Pnpv
Pun
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Fig. 5: RPV, drywell and wetwell pressures as a
function of time the two RELAP5 calculations
remain small as it should be the case.

Fig. 6: Scheme of the PANDA test facility as used for
Test P3.

Starting from conditions in which both drywells are
filled with air, steam was injected into Drywell-2 only
(this being connected to PCCs 2 and 3), leaving Dry-
well-1 as a dummy volume; detailed information on
the P3 test procedure and initial conditions are given
in Ref. [6]. The objective of the test was the demon-
stration of PCC start-up under extreme conditions.
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Fig. 7: RPV, drywell and wetwell pressures as a
function of time.

The general system behaviour is given in Fig. 7,
where the pressures inside the different vessels, to-
gether with the corresponding experimental results,
are plotted as functions of time. The main deviations
between the RELAP5 (old nodalization) results (thin
lines, identifier P3) and those of RELAP5 (improved
nodalization), using a layered connecting pipe be-
tween the drywell and wetwell vessels (thick lines,
identifier P3c), appear approximately 1000 seconds
into the transient, when the two PCCs start full opera-
tion. Because this happens 200 seconds earlier in the
case of RELAP5 (old nodalization), the pressure is
stabilized at a much lower level than for the RELAP5
(improved nodalization) case, and is also early relative
to measurement. This can also be seen from Fig. 8,
which shows, for the first two hours, the history of the
power deposited in the two operating PCC pools; the
core power remains constant at 0.85 MW during the
entire transient. Even if one takes into account the fact
that the experimental values for the PCC power have
been derived from the gradient of the PCC pool levels,
which includes some delay between power deposition
into the water and the falling of the pool level due to
evaporation (dotted line), the RELAP5 (old nodaliza-
tion) calculation has predicted an earlier start-up com-
pared with the RELAP5 (improved nodalization) calcu-
lation, which then led to an earlier stabilisation of the
system pressure, as seen in Fig. 7.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
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Fig. 8: Condenser power as a function of time (first 2
h).

I 0.60-

*. *v
v

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

TIME (h)

otelf .S C P3 (re(ref)
" " ' XQDW-1I P 3 c

• • • i QAl-di.1 P3 (ref)
x in . - i . TPS-P3

Fig. 9: Air qualities at bottom and top levels in Dry-
well-1 as a function of time (first 2 h).
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An explanation for the differences in the predictions of
the start-up times may be found in Figs. 9 and 10, in
which the air fractions in the two drywells, as calcu-
lated by RELAP5 using the two nodalization options,
are compared against the experimental data. Be-
cause, as a rule of thumb, an air fraction of less than
20% in the feed lines is necessary for PCC start-up,
the air fraction in the upper part of Drywell-2 (Fig. 10,
solid lines) will directly influence the start-up of the
PCCs. Only Drywell-2 is connected to the two operat-
ing PCCs, whereas Drywell-1 acts as dummy volume.
As may be seen from Fig. 10, this 20% threshold has
been reached earlier in the RELAP5 (old nodalization)
calculation (thin solid line) than in the RELAP5 (im-
proved nodalization) simulation, and with respect to
experiment (medium and thick solid lines). Conse-
quently, for the RELAP5 (old nodalization) calculation,
the PCCs start to remove heat from the primary sys-
tem earlier, thus allowing a faster pressurisation of the
system than for the RELAP5 (improved nodalization)
calculation, and compared with experiment. The fact
that, for the RELAP5 (improved nodalization) calcula-
tion, as well as for the experiment, air concentration in
the upper part of Drywell-2 decreases more slowly
can be attributed to the exchange of air and steam
through the connection line, as can be seen in Fig. 9
in which air fractions in Drywell-1 at two axial eleva-
tions are plotted.

• • • • i • • • • i • •

0.00 0.25 0.50 0.75 .00 1.25 1.50 1.75 2.00

Whereas for the RELAP5 (old nodalization) calcula-
tion air concentrations at the lower and upper posi-
tions remain nearly unchanged during the entire tran-
sient, one may observe a decrease to nearly zero at
the upper locations for both measurement and the
RELAP5 (improved nodalization) calculation (solid
lines), while air concentration at the lower location
remains high for both measurement and calculation.
The air from the upper part of Drywell-1 has been
transported to Drywell-2 (where it damped the general
decrease of air concentration), and was replaced by
steam from Drywell-2. This exchange would have
resulted from a counter-current flow inside the con-
nection line.

The RELAP5 (improved nodalization) calculation
lends support to the idea, as can be seen in Fig. 11 in
which the mass flows in the upper (solid line) and
lower (dotted line) layers inside the drywell connection
line are plotted for the first two hours of the transient;
the thick line gives the net flow, which is rather small,
and of the same order of magnitude as the RELAP5
(old nodalization) result (dashed thick line). One can
see a well-established, counter-current flow which, for
the first two hours, shows different air concentrations
from Drywell-1 to Drywell-2 than from Drywell-2 to
Drywell-1.
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QAl-cH.3 P3 (ref)
xo™_,. TPS-P3

> • • > Q A M . 1 P3 (ref)
<o«,.» TPS-P3

mD*CO P 3 C

mDWco.b P 3 c

XQDWCb P3C

< 3 C 4 L E ' " '>

(SCALE 2.1)

(SCALE 1

< S C A L E '

Fig. 10: Air qualities at bottom and top levels in Dry-
well-2 as functions of time (first 2 h).

Fig. 11: Mass flows (top) and air fractions (bottom) in
the two layers of the drywell connection line,
as calculated by RELAP5 (improved nodali-
zation) for Test P3.



65

The one-dimensional assumption used in the RELAP5
(old nodalization) model was unable to reproduce
these flow conditions, and consequently the exchange
of non-condensibles could not be predicted. Unfortu-
nately, no mass flow measurements are available, but
three axial temperature measurements in the mid-
section support the idea of a stratification: a tempera-
ture difference of up to 40°C between the bottom
(cold) and top (hot) layers 2000 seconds into the tran-
sient.

5 TEST P5 (SYMMETRIC CASE, TWO PCCS
ONLY)

Test P5 is a symmetric test: i.e., one PCC is con-
nected to each drywell, as shown in Fig. 12. Nonethe-
less, there is a non-symmetric component to this ex-
periment since, at four hours into the transient, the
effect of the release of trapped air into Drywell-1 was
investigated. At the start of the test, both drywells are
filled with steam, with just a few percent (by mass) of
air. Detailed information on the P5 test procedure and
initial conditions are given in Ref. [7]. ' P«PV
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1 P
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TPS-PS

/
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Fig. 13: RPV, drywell and wetwell pressures as a
function of time.

Fig. 12: Schematic of the PANDA test facility for Test
P5.

Figure 13 shows the pressures inside the different
vessels, as calculated by RELAP5 (improved nodali-
zation) and RELAP5 (old nodalization), as functions of
time, together with the experimental results (thick
dotted lines). The effect of the inflow of trapped air (28
g/s from 4h to 4.5h) at the top of Drywell-1, producing
the increase of pressure between 4 h and 4.5 h, has
been captured by bothRELAP5 models, even though
the calculations were started at different pressure
levels. The major portion of the increase is simply due
to the addition of gas into the confined volume (=10%
pressure increase for the wetwell). However, a minor
portion is due to the degradation of the heat-removal
capacity of the two operating PCCs. This can be seen
in Fig. 14, in which the individual condensing powers
of the two PCCs, as calculated by the RELAP5 mod-
els, are compared against experimental values de-
rived from the gradients of the pool levels.
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Fig. 14: Total Condenser Power (heat removal) of
the two individual PCCs as a function of
time.
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Fig. 15: Air qualities at the top positions of the two
drywell vessels as a function of time.

According to the experimental data, there is an imbal-
ance between the PCC1 and PCC3 performances:
namely, the power drop for PCC1 (connected to Dry-
well-1) is significantly higher than that for PCC3 (con-
nected to Drywell-2), which is probably due to the
higher air content in the upper part of Drywell-1 as a
consequence or the air injection.

Although the two RELAP5 calculations indicate a cer-
tain imbalance, that of the RELAP5 (improved nodali-
zation) model is very low, whereas the RELAP5 (old
nodalization) model has overestimated the perform-
ance compared with the experimental data. However,
the sum of the two individual PCC powers, as calcu-
lated by both models, is very close to experimental
measurement. The imbalance may be explained by
the air fractions in the upper parts of the two drywell
vessels, as plotted in Fig. 15. For the time period be-
tween four and five hours, RELAP5 (old nodalization)
calculated a higher air fraction for Drywell-1 (and con-
sequently also for the feed line to PCC1) than the
RELAP5 (improved nodalization) model. However, the
sums of the two individual PCC powers, as calculated
by either the RELAP5 (old nodalization) or the RE-
LAPS (improved nodalization) cases, are very close to
each other, and to the experimental data. The oppo-
site is true for Drywell-2 where, due to the forced ex-
change of gas between the two vessels (forced that is

by the specific nodalization), RELAP5 (improved
nodalization) overestimated the air fraction in the up-
per part of the vessel, whereas the RELAP5 (old
nodalization) results are closer to experiment.

6 TEST P7 (SEVERE ACCIDENT)

Test P7 is an asymmetric test: i.e., both operational
PCCs are connected to Drywell-2, as shown in
Fig. 16. In addition, the effect of a release of hydrogen
(simulated by helium in the test) into Drywell-1 has
been investigated (severe accident condition); de-
tailed information on the P7 test procedure and initial
conditions are given in Ref. [8].

At the start of the test, both drywells are filled with
steam. RELAP5 cannot track two individual non-
condensibles, as is necessary for this test, since both
helium and air are present in the system. For the
simulation, therefore, only one non-condensible can
be modelled, which in our case was chosen to be
helium. Consequently, comparisons between calcu-
lated and measured data are only of limited value.
Surprisingly though, for many parameters, compari-
sons were good. The system behaviour is plotted in
Fig. 17, where the pressures inside the different ves-
sels are shown, together with the corresponding ex-
perimental results, as functions of time. The effect of
the inflow of helium (4 g/s of helium from 4h to 6h) at
the top of Drywell-1 has been captured by both RE-
LAPS calculations, although the final pressure level
has been significantly under-predicted by the RELAP5
(old nodalization) model (thin solid lines), whereas the
RELAP5 (improved nodalization) model exhibits quite
accurate values. The reason for the differences may
be found in Fig. 18, where the history of the power
deposited into the two operating PCC pools is plotted.

Because both operational PCCs are connected to
Drywell-2, which is not affected by the inflow of non-
condensibles, the effect of the release of helium on
PCC performance is delayed until after the start of
injection at 4 h.

Fig. 16: Scheme of the PANDA test facility as used
for Test P7.
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Fig. 17: RPV, drywell and wetwell pressures as a
function of time.

Whereas both RELAP5 calculations predict the same
condenser power for the first four hours, and which is
comparable with the experimental data, the RELAP5
(old nodalization) model has predicted a rather small
decrease of the heat removal capacitry over the next
two hours: this is probably due to a lower transfer rate
of helium (if any at all) through the connection line
between Drywell-1 and Drywell-2. The additional heat
removed from the system eventually led to a milder
pressure increase for the RELAP5 (old nodalization)
calculation compared with both experimental data and
the RELAP5 (improved nodalization) results, see
Fig. 17.

Results of the RELAP5 (improved nodalization) calcu-
lation support this assumption, as demonstrated in
Fig. 19, in which the upper part of the figure shows the
mass flows in the upper (solid line) and lower layers
(dotted line) inside the drywell connection line from
4.0 to 6.5 hours.

The thick line gives the net mass flow through the line,
which is of the same order of magnitude as the RE-
LAPS (old nodalization) results, but slightly negative,
indicating a net mass flow from Drywell-2 to Drywell-1.
However, there is a positive flow from Drywell-1 to
Drywell-2 in the upper layer, which transports a sig-
nificant amount of non- condensibles, as seen in the
lower plot in Fig. 19, whereas the flow in the lower
section of the line is pure steam (dotted line).
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Fig. 18: Condenser powers as functions of time.

7 CONCLUSIONS

RELAP5/ Mod3.2 post-test calculations have been
performed for the four TEPSS series tests P2, P3, P5
and P7, using both a straightforward and improved
nodalization, the latter focusing on the fluid exchange
between the gas spaces of the two drywells, and of
the two wetwell vessels. The results of post-test
analyses of these TEPSS tests are summarized be-
low.

RELAP5 calculated the general trends of the
analysed experiments quite accurately.

The most challenging test was P3. Although the
RELAP5 (old nodalization) model predicted the
start-up of the two (operational) PCCs quite well,
the final system pressure was under-predicted
significantly due to improper modelling of the
counter-current air flow in the connection line be-
tween the two drywells. By introducing a layered
connection line, the RELAP5 (improved nodaliza-
tion) model, to a certain degree, was able to cap-
ture this special flow condition, and this led to
significantly improved results.

- A significant improvement also has been ob-
served for the non-symmetric test P7.

Furthermore, the use of the improved nodaliza-
tion for symmetric tests such as P2 and P5, did
not degrade the results and, in the case of the P2
test, had no significant influence at all.
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Fig. 19: Mass flows (top) and He fractions (bottom)
in the two layers of the drywell connection
line, as calculated by RELAP5 (improved
nodalization) for Test P7.
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INFLUENCE OF THE DISTRIBUTION OF NON-CONDENSIBLES
ON PASSIVE CONTAINMENT CONDENSER PERFORMANCE IN PANDA

Th. Bandurski, M. Huggenberger, J. Dreier, C. Aubert, F. Putz,
R.E. Gamble, G. Yadigaroglu

Recently, passive cooling systems have been designed for the long-term decay heat removal from the
containment of Advanced Light Water Reactors. In particular, the long-term LOCA response of the Pas-
sive Containment Cooling System (PCCS) for the General Electric European Simplified Boiling Water
Reactor (ESBWR) has been tested in the large-scale PANDA facility. The PANDA tests achieved the dual
objectives of improving confidence in the performance of the passive heat removal mechanisms underly-
ing the design of the system, and extending the data base available for containment analysis code qualifi-
cation. The tests conducted subject the PCCS to a variety of conditions representing design-basis and
beyond-design-basis accident conditions. These include operation in the presence of both heavier and
lighter than steam non-condensible gases, as well as a variety of asymmetric and challenging start-up
conditions. The present paper addresses the transient distribution of non-condensibles in PANDA, and
their effect on (passive) condenser performance.

1 INTRODUCTION

Within the framework of the Euratom Fourth Frame-
work Project "Technology Enhancement for Passive
Safety Systems" (TEPSS), a PANDA test programme
has been conducted at the Paul Scherrer Institut in
Switzerland. The goal of this programme was the ex-
perimental investigation of the long-term decay heat
removal from the containment of the European Simpli-
fied Boiling Water Reactor (ESBWR).

Passive safety systems have become an element in
certain Advanced Light Water Reactor (ALWR) de-
signs, in particular with regard to containment cooling.
The aim in introducing passive systems in nuclear
power plants (NPPs) is to increase the reliability of the
safety systems, to simplify the design of the plant and,
eventually, to reduce investments and operational
costs.

Passive systems function on the basis of physical
phenomena like natural circulation, fluid mixing and
stratification, heat conduction etc. On the one hand,
the design of passive systems has to meet certain
requirements for the expected physical phenomena to
take place. To prove that these requirements are met,
the design needs experimental confirmation. On the
other hand, passive systems, unlike active systems,
cannot be easily launched, but will only be initiated
when the underlying driving mechanisms are estab-
lished, e.g. temperature, density and/or pressure dif-
ferences. As a consequence, the effectiveness of
some passive safety systems cannot be easily dem-
onstrated in real NPPs.

For these reasons, system tests are required for the
certification of passive safety systems. The tests can
be performed in facilities which have to be correctly
scaled to make sure that the phenomena underlying
the design concept will be properly observed in these
tests. Experiments carried out in test facilities give
evidence of the performance in scaled systems. The
data obtained from scaled tests is also used for model
and code assessment which, again, assumes a com-
prehensive and detailed understanding of the obser-
vations so that all significant phenomena can be taken

into consideration with confidence. Finally, welll as-
sessed codes can be applied to system behavior
analyses for real nuclear installations.

The purpose of passive containment cooling systems
is to remove the energy released from the system
components under accident conditions to the envi-
ronment while guaranteeing containment integrity.
The key parameters characterizing the integrity of an
ALWR containment, particularly during the long-term
decay heat removal phase, are peak system pres-
sures and temperatures. Beyond this, assuming se-
vere accident conditions, the distribution of hydrogen
is of interest because of its explosive character in
mixtures with oxygen; the ESBWR containment con-
sidered here is, however, inerted with a nitrogen at-
mosphere.

The containment pressure is mainly determined from
the performance of the containment cooling system,
and by the amount and transient distribution of non-
condensible gases filling initially the containment
compartments (nitrogen or air) or being released later
in the course of the transient from the reactor core
(hydrogen). The containment temperatures are mainly
influenced by the steam and non-condensible gas
distribution in the containment compartments, i.e by
gas mixing and stratification phenomena in large vol-
umes. The distribution of steam, air and their mixtures
in and between containment compartments was, for
example, observed in several large-scale PANDA
system tests. However, only recently has the first sys-
tem behaviour test with helium been performed in
PANDA.

The ESBWR designed by General Electric (GE) em-
ploys vertical-tube condensers immersed in pools on
top of the containment to limit the system pressure
increase by condensing steam out of the gas mixture
fed to the condensers from the containment atmo-
sphere. The Passive Containment Condensers
(PCCs) resemble the Isolation Condensers (ICs) used
in certain boiling water reactor plants for decay heat
removal during isolation events. One of the main dif-
ferences between the two systems is the large
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amount of non-condensible gases which can be con-
veyed to the condenser surface of the PCCs.

The condenser efficiency depends critically on the
non-condensible gas concentration at the condenser
surface. To prevent the blockage of the condenser
tubes with non-condensible gases, vent lines are con-
nected to the PCC lower headers. The other ends of
the vent lines are submerged in the Suppression Pool
(SP). Insufficient energy removal in the PCCs leads to
Drywell pressure increase and, eventually, the non-
condensible gases are vented to the space above the
SP (Shiralkar, 1997).

With regard to system behavior, the PCC venting
mechanism is well understood from former PANDA
tests for mixtures of saturated steam and non-
condensible gases heavier than steam, e.g. air. The
mixture, supplied to the PCC upper header, passes
downwards through the vertical condenser tubes.
While steam is condensing, the air fraction and den-
sity of the mixture are increasing. From the lower
header, the mixture with the highest air fraction, high-
est density and lowest temperature, is vented. Fur-
thermore, the condensers adjust their performance
with decreasing decay power by accumulating non-
condensibles heavier than steam in the lower part of
the condenser tubes and thereby reducing the effec-
tive condensing length.

However, assuming severe accident conditions, non-
condensible gases lighter than steam, i.e. hydrogen,
have to be considered. In PANDA tests, hydrogen
was replaced by helium. Unlike in steam/air mixtures,
in the parameter range of interest the density of gas
mixtures consisting of saturated steam and helium
decreases with increasing helium content. Therefore,
the buoyancy forces arising from steam condensation
from a steam/helium mixture in the vertical PCC tubes
do not support the desired gas movement from the
upper to lower header, and on through the PCC vent
lines to the suppression chamber (SC). The influence
of helium on condenser performance was investigated
in the full-scale PCC test facility PANTHERS. How-
ever, in complementary tests, the PANDA PCC per-
formance has also been investigated in a first-of-a-
kind, large-scale system behaviour test with helium
injection.

The present paper focuses on two major aspects of
the experimental evaluation of the ESBWR PCC per-
formance in the PANDA facility. These are gas mixing
and stratification in large volumes, and PCC perform-
ance in the presence of non-condensible gases lighter
than steam (helium). A brief interpretation of the
measured data, in particular with regard to PCC per-
formance, will also be given. The observations ob-
tained in the PANDA test in which helium was injected
late in the transient are compared with results from a
test simulating hidden air release in the DW, also late
in the transient.

2 PANDA FACILITY AND TEST SCENARIOS

PANDA is a large-scale, multipurpose test facility, and
has been used to investigate, in particular, long-term,
passive containment cooling systems for different
designs. With regard to modern ALWR containment
designs, PANDA scales heights approximately 1:1
and, in particular, decay power and volumes 1:40 for
the ESBWR. The facility consists of large intercon-
nected vessels and open pools, and provides appro-
priate conditions for buoyancy-driven and multi-
dimensional phenomena to be investigated. Prototypi-
cal fluids, such as water and steam, as well as close-
to-prototypical fluids, are used. Non-condensible
gases heavier (air) and lighter (helium) than steam
were used in the tests. Detailed information on
PANDA scaling with regard to the SBWR and ESBWR
can be found in Yadigaroglu (1996) and Schenk
(1997). The facility is well instrumented with regard to
system behaviour evaluation. The instrumentation
comprises instruments for fluid and wall temperature
measurements, total and partial air pressures, pres-
sure differences, flow meters, phase indicators, valve
states, and heater power. More information on earlier
test programmes and instrumentation can be found in
Bandurski (1997) and Yadigaroglu (1998).

Briefly, the configuration of the PANDA facility for
investigating the ESBWR PCCs can be described as
follows. There are six vertical, cylindrical vessels, four
water pools, and a variety of connecting lines avail-
able to compose different facility configurations. Two
pairs of interconnected vessels and four water pools
are arranged to form the SC, DW and cooling water
storage for the condensers. The SC vessels are con-
nected in the gas-filled region, and in the water region.
Another tank is used to represent the reactor pressure
vessel (RPV), and another the Gravity Driven Cooling
System (GDCS) storage tank. In the ESBWR configu-
ration, the GDCS and SC gas spaces are connected.
The RPV serves as a steam source: i.e., the RPV
water is heated by controlled electrical heaters simu-
lating the core. PCC vent lines and main vent lines
(MVL), submerged in the SP, are connected to the
condenser lower headers and DW vessels, respec-
tively. Vacuum breakers (VBs) connect the SC and
DW gas spaces. Components which were not part of
a test, such as one of the PCC units in some cases,
are valved off.

In PANDA, a postulated ESBWR main-steam-line
break (MSLB) is simulated, since this then provides
an envelope case for breaks of smaller sizes Shiralkar
(1998). Briefly, the accident scenario of an ESBWR
MSLB can be described as follows (Shiralkar, 1998).
During the initial depressurization phase, much of the
decay heat, and the energy stored in the reactor cool-
ant and structures, is deposited in the SP. At the
same time, practically all non-condensibles contained
in the DW are conveyed to the SC gas space. Follow-
ing initial depressurization, the GDCS water can be
discharged into the RPV.
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Fig. 1: PANDA facility configuration for Test P5

During the GDCS phase, steam generation in the
RPV is interrupted, and condensation in the RPV, in
the DW (due to spill-over), and in the PCCS condens-
ers, causes the DW pressure to drop below the SC
pressure. To preserve containment structural integrity,
Vacuum Breakers (VBs) open to equalize the DW and
SC pressures. By this means, a small amount of non-
condensible gas is transported from the SC to the
DW. The cold water discharged from the GDCS to the
RPV is heated and, eventually, boiling resumes. At
this time, the long-term containment cooling phase
begins. From now on the decay heat must be re-
moved by the PCC condensers. Resumption of boiling
in the RPV was the starting time for most of the
ESBWR PCC tests in PANDA.

The ESBWR PANDA tests address the long-term
decay heat removal phase. A variety of conditions
representing design-basis and beyond-design-basis
accident conditions were simulated to challenge the
PCC system. The test conditions include operation in
the presence of both heavier and lighter than steam
non-condensible gases, as well as asymmetric and
start-up conditions. Detailed information on the test
matrix, initial conditions, etc. has been published by
Huggenberger (1999). Two tests are discussed in the
present paper. These are Test P5, characterized by
"hidden" air release into the DW late in the transient,
and Test P7, simulating hydrogen (helium) release to
the DW under beyond-design-accident conditions.

The PANDA facility configurations for Tests P5 and
P7 are presented on Figs. 1 and 2. In Test P5, the
steam generated in the RPV was symmetrically dis-
charged into both DW vessels. One PCC unit was
connected into each DW vessel. Later in the transient,
air was released near the top of DW1. In Test P7, all
steam was discharged to DW2, to which both operat-
ing PCC units were connected.

RPV

100%
steam

VB2

Fig. 2: PANDA facility configuration for Test P7

Later in the transient, helium was injected near the top
of DW1. Test P7 was intended to investigate the sys-
tem behavior and PCC performance in the presence
of a gas lighter than steam rather than simulating a
particular beyond-design-accident scenario. In both
tests, only two PCC units were operating: i.e., the
design heat removal capability of the PCCs was ex-
ceeded, at least at the beginning of the tests. The way
of connecting the two PCCs, one to each DW vessel
in Test P5, and both PCCs to one DW vessel in Test
P7, as well as the symmetric/ asymmetric steam injec-
tion, introduces different boundary conditions in the
tests. However, with regard to the main phenomena
observed, Test P5 seems to be suitable for compari-
son with Test P7.

3 MIXING AND STRATIFICATION

3.1 Impact of Gas Mixing and Stratification on
System Pressure

The overall containment system pressure is primarily
determined by the performance of the PCCs and the
amount of non-condensible gases which initially filled
the containment compartments, or was released later
during the course of the transient. The effect of PCC
performance on system pressure will be discussed in
Section 4. In the description of the accident scenario,
it was mentioned that the non-condensibles initially
filling the DW are essentially purged to the SC during
the reactor depressurization phase. In the SC, the
non-condensible gases are effectively trapped, and
thereby determine the overall system pressure level.
Only a small fraction of the non-condensibles can be
returned from the SC to the DW during VB openings.
Ultimately, the non-condensibles returned to the DW
are mixed with the injected steam, and then conveyed
to the PCCs, from where they are soon vented again,
except for the very small amount needed for "adjust-
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ing" the active condenser surface. Therefore, during
the long-term containment cooling phase, the DWs
contain essentially steam and, possibly, a very small
fraction of non-condensibles.

It should be noted here that, during the long-term
cooling phase, the DW to SC pressure difference can
vary over a small range only. On the lower side, the
pressure difference is limited by the VB settings, and
its highest value is determined principally by the PCC
feed line pressure drops, and by the PCC vent line
submergence depth. Venting of non-condensibles
from the DW to the SC causes a shift of both pres-
sures to higher values due to the SC pressure in-
crease. Venting of steam, which is always present in
the gas mixture, can lead to temperature stratification
in the SP, and consequently to an increase in the
steam partial pressure in the SC gas space due to
evaporation from the SP surface. However, the obser-
vations from the PANDA tests show that this effect is
less significant in the long-term cooling phase.

Potentially, non-condensible gases can be released to
the DW later in the transient: e.g., as hydrogen is re-
leased under severe accident conditions, or by hidden
air release from DW compartments. If these non-
condensible gases are mixed with the steam pro-
duced in the RPV, and/or conveyed to the PCCs, they
will also be vented to the SC, and thence contribute to
the system pressure increase. In this case, the SC
pressure increase is essentially determined by the
amount of non-condensibles added to the SC gas
space. If the newly released non-condensibles accu-
mulate in DW regions, due to gas stratification, and
cannot then be transported to the PCCs, the DW
pressure would only increase moderately during the
injection period. However, the DW to SC pressure
difference is limited, and venting could still occur. The
adjustment of the active condenser heat transfer sur-
face (which will be described in Section 4.2) would
partially compensate for the DW pressure increase. If
the non-condensibles can ultimately be retained in
stable stratification layers, then venting stops too.
Concluding, we can say that the system pressure is
sensitive to mixing and stratification phenomena if
non-condensible gases are released to the DW at late
times in the long-term containment cooling phase.
However, the system pressure increases significantly
only when the non-condensibles are actually vented to
the SC.

3.2 Observation of Gas Mixing and Stratification
in Tests P5 and P7

The phenomena described qualitatively above have
actually been observed in PANDA Tests P5 and P7
(see Figs. 3 and 4). In Test P7, helium was injected (4
g/s) into the upper part of DW1, four hours after test
initiation, over a period of two hours. The helium
mixed with steam in the upper part of DW1. The
steam/helium mixture region slowly extended down-
wards until the upper edge of the pipe connecting the
two DW vessels was reached.
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The PCC temperatures reflect the presence of helium
even before the gas temperature measurement in the
upper region of the DW connecting pipe, indicated
that there was an overflow of relatively cold
steam/helium mixture from the upper part of DW1 to
DW2. In DW2, the gas was well mixed by the injected
steam. Beginning with the overflow of the he-
lium/steam mixture from DW1 to DW2, all thermocou-
ples installed in the PCC units indicated the presence
of non-condensibles. Later, helium was vented to the
SC.

A slight DW pressure increase was observed from the
very beginning of the helium injection phase, as
shown in Fig. 4. It should be noted here that the SC
pressure was essentially unaffected by the helium
injection at this time. (The reason for the slight SC
pressure increase is discussed in Section 3.3). The
reason for the moderate DW pressure increase can
be explained as follows. Just before the helium injec-
tion, there was some excess of condensation capabil-
ity due to the decreasing decay power level. A small
amount of air had accumulated in the lower part of the
condenser, and had blanketed part of the active con-
denser surface. However, there was obviously not
sufficient air available for blanketing and, conse-
quently, the DW pressure began to decrease. Eventu-
ally, this process would have ended up with VB open-
ing. But, at this time, the helium injection started. He-
lium injection and insufficient PCC performance re-
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suited in DW pressure increase, and subsequent vent-
ing, which provided good conditions for condensation
in the PCCs.

In Test P5, air injection (28 g/s) was also started four
hours after test initiation but, in this case, lasted only
0.5 hours. Because of the different facility configura-
tion, the air mixed immediately with the steam injected
in DW1, and was conveyed mainly to PCC1. From
there, the air was vented to the SC. As a conse-
quence, a significant system pressure increase in Test
P5 occurred right after air injection began (see Fig. 3).

Practically all air was vented to the SC in Test P5, and
the maximum possible system pressure increase was
achieved. In Test P7, however, part of the helium
remained in the upper part of DW1 until the end of the
test, and did not contribute to the system pressure
increase. With regard to containment integrity, the
increase in system pressure is the more significant
issue, while PCC performance is only indirectly af-
fected by system pressure. With increasing system
pressure, the steam is released from the RPV at
higher (saturation) temperature, and the temperature
difference between the PCC gas and the water on the
PCC pool side increases. This larger temperature
difference helps to improve the condenser efficiency
during the non-condensible injection phase. Later,
with decreasing decay power, the condenser effi-
ciency should be sufficient, in any case.

3.3 Non-Prototypical Energy Transfer from the
DW to the SP

As indicated above, the SC pressure had always been
slightly increasing from the beginning of the tests. An
explanation of this phenomenon can be given as fol-
lows. Because the heat removal capability was delib-
erately exceeded at the beginning of both Tests P5
and P7 (only two PCC units were connected, instead
of three), venting through the main vent lines oc-
curred. During main venting, steam was dumped di-
rectly to the SP, and practically all non-condensibles
were purged from the main vent lines. Later in the
test, main venting, and later still also PCC venting,
stopped as a result of decreasing decay heat power.
However, the main vent lines were filled with pure
steam down to the bottom, and part of this steam was
condensing inside the lines in the submerged region.
Due to this condensation, the SP water surrounding
the main vent lines was being heated, and eventually
rose to the SP surface. The condensate itself, after
leaving the vent lines from the bottom, was also rising,
and accumulating at the SP surface, since its tem-
perature was still higher than that of the surrounding
water in the SP.

Direct heating of the SC gas space from the vent lines
passing through the SC gas space was negligible for
the following reasons. While, on the one hand, the
vent line wall temperatures followed exactly the vent
line gas temperatures, which indicated steam satu-
ration conditions at the DW pressure, the SC gas
space was not being heated significantly. On the other
hand, the SP water temperature was increasing,

showing at the same time stable temperature stratifi-
cation. Furthermore, the lowermost SC gas tempera-
ture indication followed the SP surface temperature
within a few degrees K. Based on these observations,
we can assume that the SC gas space was heated by
steam evaporation from the SP surface.

The described phenomenon can be considered as an
additional energy transfer mechanism from the DW to
the SP. However, this mechanism is not prototypical,
because it would be impossible to valve off some of
the PCC units in the ESBWR containment, and there-
fore main venting would not occur during the long-
term cooling phase. In addition, the design of the
PANDA vent lines is somewhat simplified: they consist
of straight steel pipes passing through the SC gas
space and submerged in the SP. Consequently, heat
transfer was certainly increased, mainly in the sub-
merged region.

4 PCC PERFORMANCE

4.1 Evaluation of PCC Performance

In the course of Tests P5 and P7, PCC performance
varied considerably. In the first, essentially "undis-
turbed" test phase (i.e., before additional non-
condensible gases were injected), the total PCC per-
formance followed the decreasing decay power curve.
As soon as large amounts of non-condensibles were
conveyed into the condensers, the PCC performance
was significantly degraded. After the non-condensible
injection was stopped, the PCC efficiency improved
again.

In the following, we will evaluate the transient PCC
performance in PANDA in comparison to the main
heat source, and other significant energy sinks ob-
served in Tests P5 and P7. The energy input in the
RPV is mainly used for raising steam. The steam is
conveyed through the blow-down lines to the DW
vessels, from where it enters the PCC feed lines, pos-
sibly mixed with non-condensibles. The steam con-
denses in the PCCs, and the condensate returns di-
rectly to the RPV. The non-condensibles are vented to
the SC, if necessary. We will restrict the evaluation of
the energy balances to a sub-system comprising the
main energy flow path: i.e., to the RPV and the DW
vessels to which the PCCs are connected. The SC
serves as an energy and mass sink with regard to the
RPV/DW vessel arrangement selected for this investi-
gation. Furthermore, we assume steam at saturation
conditions, which is consistent with the observations
in Tests P5 and P7.

Under steady-state system pressure conditions, we
would expect the overall heat losses from the facility
to be the only additional heat sinks beside the con-
densers themselves. The heat losses from the RPV
(below 5 kW), and from both DW vessels (below 15
kW), are small compared to the total reactor power.
However, a non-prototypical energy transfer from the
DW to the SP through the main vent lines was ob-
served, as described in Section 3.3. This energy sink
was revealed by a slowly decreasing water inventory
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in the RPV. The condensate of the steam condensing
in the main vent lines (and also in the DW vessels due
to heat losses) was not returned to the RPV.

System pressurization was essentially caused by non-
condensible venting to the SC gas space during or
right after the non-condensible injection. In test peri-
ods with system pressurization, part of the energy was
consumed for heating the RPV water, to follow the
saturation line. At the same time, the RPV vessel and
internal structures were being heated. Consequently,
less steam was produced in the RPV. In addition, a
certain amount of energy was needed for DW wall
heating during the pressurization phase. Therefore,
some portion of the steam/water was taken out of the
"recirculation loop" between RPV and PCCs and was
trapped in the DW vessels. This effect provides an-
other contribution to the RPV level decrease: i.e., the
RPV water inventory was reduced due to non-
prototypical steam condensation in the main vent
lines, and due to DW wall heating during pressuriza-
tion transients.

To derive the energy balances, based on test data,
simplifications were made with regard to the energy
balance equation, and some terms, which appeared to
be less significant for the tests being analyzed, were
neglected. For example, the term representing the
changes in total pressure was small in comparison
with the other terms, and was therefore not consid-
ered. The changes in the RPV steam and DW gas
enthalpy, in particular, during the non-condensible
injection phase (pressurization), were also not consid-
ered. The changes in RPV water density during the
moderate pressurization phase were similarly ne-
glected.

On the other hand, the energy balances are based on
spline fits of measured data, and their gradients. Lo-
cally measured values were used for calculating the
thermodynamic fluid properties in certain facility re-
gions. Although all steps in the procedure were car-
ried out very carefully, we must be aware that we can
only obtain an approximation to the items contributing
to the energy balance. However, the sum of all inde-
pendently determined sources and sinks should give a
good indication of whether the results are acceptable
or not.

The transient PCC performance was evaluated based
on the decreasing pool water inventory. Energy bal-
ances derived from changes in pool collapsed level
appeared to be more accurate than those obtained
from feed or condensate flow measurements. During
the long-term cooling phase, the PCC pool water was
boiling at atmospheric pressure. The pool water was
evaporating while it rose between the tubes of the
condenser bundle, and flashing occurred above the
condenser. At the pool surface, saturated steam was
leaving the pool, and water was continuously recircu-
lating. The water temperature corresponded essen-
tially to the saturation temperature at atmospheric
conditions.

1500

1000i-

500

veniing + DWwall healing
and DW heat losses

\
i •heating of RPV
i ^ * water and structure!

0 5000 10000 15000 20000 25000 30000

Time (s)

Fig. 5: Test P5 - energy source and sinks

1500

1000 h

500

\ redu
\ p heat

reactor power
reduced by RPV

losses

0 5000 10000 15000 20000 25000 30000

Time (s)

Fig. 6: Test P7 - energy source and sinks

Only a very small amount of water could be heated to
temperatures above the atmospheric saturation tem-
perature while it was rising between the tubes, and
this amount was most likely constant. The heat losses
from the PCC pools were negligible, as was demon-
strated already in other tests. Calculating the pool
water inventory, the structures in the pool, e.g. the
condenser, were also considered. The total amount of
energy transferred from the DW to the SP by steam
condensation in both main vent lines, and the energy
needed for DW vessel wall heating, but also for com-
pensating the DW heat losses, was estimated based
on the decreasing RPV water inventory. The RPV fluid
and wall temperatures served as a basis for calculat-
ing the energy needed to follow the water saturation
line, and to heat the RPV vessel and structures during
system pressurization. The early test phase is not
included in the following discussion, though the calcu-
lated energy balances are reasonable for this test
phase too.

During the long-term cooling phase, i.e. before non-
condensible injection was started, the PCC perform-
ance is practically identical in both tests, and is close
to 400 kW for each condenser (see Figs. 5 and 6).
The system pressure did not change in this test
phase, except for a very modest increase due to the
DW to SP energy transfer. Therefore, it can be as-
sumed that the losses in RPV water inventory were
primary caused by the energy sink in the main vent
lines. Main vent clearing occurred at the beginning of
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the test because of the insufficient heat removal ca-
pability of the two operating PCCs instead of three.
Consequently, the changes in the slope of the de-
creasing RPV level were consistent with the changes
in the main vent clearing frequency.

In Test P5, at the beginning of the air injection phase,
the performance of PCC1, connected to DW1, where
the non-condensibles were added, dropped almost
immediately to about 50% (see Fig. 5). During this
time, the air was mixing with the steam discharged
from the blow-down lines, and was being transported
to the condensers. The performance of PCC3, con-
nected to DW2, decreased less, and also later in time.
Obviously, only a small amount of the injected air was
passing through the DW connecting pipe from DW1 to
DW2 and mixing with steam.

With the relatively steep system pressure increase
after air injection, a significant fraction of the decay
heat was necessary to heat the RPV water and struc-
tures. The RPV water inventory losses increased
temporarily as long as the system pressure increased,
indicating that the DW walls were being heated due to
steam condensation, and a larger amount of steam
was vented to the SP due to the reduced PCC per-
formance. The air injection did not only cause another
main vent line clearing, but also PCC venting, which
additionally contributed to the RPV water level de-
crease.

After air injection stopped, all air was vented from the
DWs to the SC within approximately 2000 seconds.
Later, the condenser tubes were blanketed with air in
their lower parts, indicating excess heat removal ca-
pacity. Moreover, the DW to SC pressure difference
was slightly decreasing; i.e., there was not sufficient
air available for blanketing the condenser tubes in
accordance with the decreasing decay power. Signifi-
cantly less energy was transferred through the main
vent lines after air injection. The SC pressure was
decreasing slightly because the SC heat losses were
obviously exceeding the energy transferred from the
DW to the SC. The main vent lines, in particular main
vent line 1 (connected to DW1) received part of the
injected air, as indicated by the temperature readings.

In Test P7, at the beginning of the helium injection
phase, the helium was almost exclusively accumulat-
ing in the upper part of DW1, showing little effect on
the performance of the two operating PCCs, which
were connected to DW2. Just before helium injection,
the condensers showed some excess condensation
capability and, due to the lack of non-condensible
gases for blanketing the condenser surface, the DW
pressure and the DW to SC pressure difference de-
creased slightly. The helium injection caused the DW
pressure to increase slowly, and part of the decay
heat was used to heat the RPV water and structures,
as well as the DW walls. At the same time, a small
amount of helium was conveyed to the PCCs and,
consequently, PCC performance declined (see Fig. 6).

After helium transfer through the DW connecting pipe
was detected by gas temperature readings in the con-

necting pipe, the DW to SC pressure difference in-
creased more rapidly until PCC venting became pos-
sible; further system pressure increase was deter-
mined by the amount of vented non-condensibles.
The main vents cleared soon after PCC venting oc-
curred. The helium was obviously well mixed with
steam in DW2, and performance degradation was
similar in both PCCs. The minimum performance of
both condensers during helium injection was about
500 kW. A similar value was obtained for Test P5.
However, the operating conditions of the individual
PCCs were very different in the two tests. As long as
the system pressure was increasing, part of the en-
ergy was consumed for RPV water/structure and DW
wall heating, as well as for steam condensation in the
main vent line. We have to consider that the PCCs
vented a steam/helium mixture at higher temperatures
than in the air tests. This is most probably the reason
for the difference in the appropriate terms of the en-
ergy balances for both tests after non-condensible
injection was stopped.

After helium injection was stopped, the PCC perform-
ance increased in accordance with system needs. The
helium/steam mixture trapped in the upper region of
DW1 was slowly heated by the walls, and part of the
mixture was released to DW2, from where it was
vented. Gas temperature stratification in the DW con-
necting pipe indicated gas exchange between both
DW vessels, and PCC venting was observed until the
end of Test P7. Eventually, the system pressure in-
creased moderately.

In both Tests (P5 and P7), temperature stratification of
the SP water was terminated by non-condensible
venting. The venting of large amounts of non-
condensibles supported progressive mixing of the
pool water. Therefore, the effect of the non-
prototypical energy transfer from the main vent lines
to the SP on system pressure practically disappeared.
After the non-condensible injection was stopped, pool
temperature stratification was not reestablished. Ob-
viously, even low vent flow rates containing non-
condensibles were sufficient to keep the water mixed.

The agreement between the sum of all energy sinks
considered with the decay heat curve is obviously
better before non-condensible injection in both tests,
whereas an error of about 8% can be observed at the
very end of the tests. The error arises mainly from the
method used to calculate gradients of measured val-
ues: the first derivatives of splines fitting the measured
values for water levels and temperatures were taken
to calculate the changes in mass/energy and heat
capacity; i.e., the absolute value of each gradient de-
termined the value of the appropriate heat sink. We
expected increasing relative errors with decreasing
gradients: e.g., with less rapidly dropping water levels,
the accuracy of the energy balances is also decreas-
ing. The applied method is well suited for evaluating
the energy sinks and their changes during the tran-
sient for engineering judgements of the system behav-
iour.
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The evaluation of the main energy sinks in PANDA
Tests P5 and P7 showed that the major fraction of the
energy is removed by the PCCs in all test phases.
However, the injection of non-condensible gases
caused a significant degradation of PCC performance.
After non-condensible injection was stopped, both
non-condensibles heavier (P5) and lighter (P7) than
steam could be vented from the condensers, which
resumed operation on a relatively high level. The
slight pressure increase at the end of Test P7 was
caused by non-condensible venting. While PCC per-
formance was degraded, part of the steam was
vented to the SC, together with the non-condensibles.
However, this kind of steam venting did not signifi-
cantly contribute to the system pressure increase
because the SP water was well mixed by the vented
non-condensibles, and therefore the maximum
amount of steam was condensed.

4.2 PCC Operating Modes and Non-Condensible
Gas Distribution in the PCCs.

The energy balances for Test P7 showed that the
PCCs were not blocked with helium. However, their
performance was significantly degraded during the
helium injection phase. Hereafter, the PCCs operated
at part-load, in accordance with the decreasing decay
power curve: i.e., the presence of helium was reduc-
ing PCC performance. While the adjustment of the
active condenser surface by air accumulation is well
understood from former experiments, Test P7 pro-
vided first data for the analysis of the transient
PANDA PCC operating mode in the presence of non-
condensibles lighter than steam. In this Section, the
data of Tests P5 and P7 will be analyzed with regard
to condenser operating modes and non-condensible
distribution in the condensers.

The PANDA facility was well instrumented to make
the interpretation of the measurements with regard to
the overall system behaviour possible. Although the
PCC tube regions were equipped with 23 (PCC1 and
PCC2) or 35 (PCC3) temperature sensors, the in-
strumentation could not cover all details of the phe-
nomena occurring in the tube bundle, which consisted
of twenty tubes. The gas temperatures were meas-
ured in the central tube along the axis. At the same
elevations, wall temperature sensors were installed at
mid-wall thickness. Wall temperature and water tem-
perature measurements were performed for another
three tubes. The available instrumentation in the walls
of parallel tubes allows, however, to draw some quali-
tative conclusions on the different performance in the
tubes in one condenser, and/or between the con-
densers.

With decreasing decay power, system pressure can-
not decrease because it is essentially bounded by the
SC pressure. Previous tests performed with air
showed that the PCCs adjust their performance by
accumulating the non-condensibles heavier than
steam in the lower region of the condenser tubes.
However, excess heat removal capability can lead to
DW pressure decrease, and subsequent short vac-
uum breaker (VB) openings. During vacuum breaker

opening, a small amount of gas is returned from the
SC, where mainly non-condensible gases (air) have
collected, to the DW. Finally, these non-condensibles
are conveyed to the condensers. A rather small
amount of air is sufficient for adjusting the active con-
denser surface by tube blanketing; the rest is vented
to the SC.
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Legend for Fig. 7a, 7b, 7c:
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Gas, wall and water temperature measurements belonging
to one tube have the same color but different line styles.

Gas, wall and pool temperature line styles:
straight line: central tube gas temperature
dashed lines: wall temperatures
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Fig. 7c:Test P7 - axial temperature profiles in PCC3
at 28,000 seconds.
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Before the air injection phase in Test P5, excess heat
removal capability was observed, and the DW to SC
pressure difference slowly decreased. Consequently,
the lower tube region of PCC1 filled with air at the
beginning of the air injection phase. PCC3 was less
affected, because it was connected to DW2, with no
direct air injection. The air injection caused DW pres-
sure to increase and, as soon as PCC venting be-
came possible, almost all non-condensibles were
vented from PCC1. Later during the course of air in-
jection, the presence of air could be registered by the
temperature readings at the tube outlets only (see
Fig. 7a). The axial wall temperature profiles were simi-
lar in parallel tubes. Therefore, we assume that the
axial gas temperature and air concentration profiles
were also similar to the one observed in the central
tube. Summarizing, the observations indicated gas
stratification in the condenser tube bundle during the
air tests, caused by the condensation process. The
gas stratification led gradually to air blanketing of the
condenser surface, beginning at the bottom of the
bundle. Since the gas stratification causing the blan-
keting occurred in the relatively small volume of the
condenser tubes, a small vent flow rate, or the addi-
tion of a small amount of air, was sufficient to adjust
the active condenser surface. A gas mixture at the
lowest possible temperature was vented from the
lower header.

In the presence of helium (Test P7), a somewhat dif-
ferent behaviour was observed. Even before helium
was first detected in the DW connecting pipe, the axial
gas and wall temperature profiles in the central tubes
of both PCC2 and PCC3 showed very low values at
tube mid-height (see Fig. 7b). At this time there was
sufficient condensation capability, and venting had not
yet started. The wall temperature profiles in some of
the parallel tubes were obviously not affected by this
phenomenon: i.e., while some tubes were accumulat-
ing helium at mid-height, others were operating at
higher rates, as shown in Fig 7b. Further, after venting
started with increasing helium overflow to DW2, the
axial gas temperature profiles in the central tubes
showed a monotonic decrease from bottom to top.
Comparing the axial wall temperature profiles of paral-
lel tubes, we conclude that the tubes were still operat-
ing in different modes (see Fig. 7c). This behaviour
did not change after helium injection was stopped
because the temperature stratification in the DW con-
necting pipe indicated that the helium transfer from
DW1 to DW2 had continued, but obviously at a lower
level.

Summarizing the main observations, we can state that
both the PCC feed and condensate flow rates and the
energy balances proved that, during and after helium
injection, the PCCs removed a significant amount of
energy. At the same time, part of the gas mixture was
vented from the lower headers to the SC. In addition,
the difference of the gas temperatures in the upper
and lower headers was very small compared to the
test cases with air. Furthermore, we can distinguish
two characteristic axial wall temperature profiles (see
Fig. 7b and 7c). A typical wall temperature profile was

practically uniform over the PCC height, at values
close to the arithmetic average of the header gas and
the pool water temperatures. Most probably, the
steam/helium mixture was flowing down through these
tubes. The second showed values decreasing from
the bundle bottom to top. The central tube, which was
instrumented on the gas side, belongs to the second
group. The wall temperature readings at the lower-
most elevation in the tubes practically coincide for
both groups. Based on these observations, we con-
clude that the gas mixture flowing down in the first
group of tubes enters the second group at the bottom.
While the mixture in the second tube group was flow-
ing from the lower to the upper header, a density and
temperature gradient was established due to steam
condensation, which was natural for a gas mixture
consisting of steam and a non-condensible gas lighter
than steam; i.e., the lower temperatures and higher
helium concentrations were observed in the upper
tube region. (In the air tests, lower temperatures and
higher air concentrations were measured in the lower
tube region, see Fig. 7a.) Part of the mixture enriched
with helium was most probably leaving the second
group of tubes at the top, the gas was then mixing
with the feed flow in the upper header and flowing
down again to the lower header through the tubes of
the first group. Assuming steam saturation conditions
inside the condenser tubes, the helium concentration
was low in the first group of tubes where the helium
was obviously well mixed with the steam.

The inclusion of tubes in one or other of the two char-
acteristic groups is most probably dependent on small
differences in their hydraulic characteristics. On the
one hand, the tube lengths and shapes were slightly
different, since the tubes were connected to horizontal
cylindrical headers. On the other hand, a plate was
installed in the upper header to intercept the jet enter-
ing from the feed line. Possibly, the condenser tube
entries were approached at different angles, and with
different velocities. In this context, it is interesting to
note that one tube out of the four instrumented in
PCC3 moved from the first to the second group during
the course of the transient.

In summary, Test P7 demonstrated that gases lighter
than steam can be successfully vented from the DW
to the SC through the PCCs. The temporary degrada-
tion of condenser performance due to the helium con-
tent in the feed flow did not significantly contribute to
the system pressure increase. Although, compared to
air venting, helium venting was characterized by
higher steam flows, at higher temperatures, a large
portion of the vented steam was condensed in the SP.
At the same time, the SP water was well mixed by the
vented non-condensibles. In contrast to Test P5, in
Test P7 the non-condensible helium was fed to the
PCCs right to the end of the test. Consequently, con-
ditions were not established at which the condenser
could operate with pure steam flow at the entry, and
without venting, but contained helium in the tubes and
headers. However, with regard to the energy bal-
ances, the facility was close to this state at the end of
Test P7. While in the tests with air the adjustment of
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the active condenser surface was established by gas
temperature stratification, similar in all parallel tubes,
some kind of helium recirculation and load sharing
between the parallel tubes was observed in the helium
Test P7.

5 CONCLUSIONS

The response of the ESBWR PCCs to the addition of
large amounts of non-condensibles lighter than steam
(helium) during the long-term cooling phase was ex-
perimentally investigated in the large-scale facility
PANDA. The measurements obtained from the Helium
Test P7 were analyzed and compared with the Air
Test P5 with regard to the influence of gas mixing on
system pressure, to the degradation of PCC perform-
ance, and to the PCC operating modes.

It was found that the non-condensibles can accumu-
late in suitable DW regions due to gas stratification. In
this way, the consequences of addition of non-
condensible on system pressure could be mitigated.
Further, it was demonstrated that helium can be suc-
cessfully vented from the DW to the SC through the
PCCs. The temporary degradation of PCC per-
formance during the injection of non-condensibles did
not significantly contribute to system pressure in-
crease because the vented steam was, to the extent
possible, condensed in the SP. In addition, the venting
of non-condensibles destroyed the temperature strati-
fication in the SP.

In the presence of helium, the PCCs were operating in
a different mode compared with the air tests: some
kind of helium recirculation and load sharing between
the parallel tubes was observed in the helium test.
Tests performed at different conditions are desirable
to confirm the findings of this first ESBWR PCC test
with non-condensibles lighter than steam, and more
detailed instrumentation is desirable to improve under-
standing of the PCC operating mode in the presence
of non-condensibles lighter than steam. However, the
data obtained in the first helium system test is already
suitable for containment code assessment.

NOMENCLATURE

DW Drywell

ESBWR European Simplified Boiling Water Reactor

PCC Passive Containment Condenser

SC Suppression Chamber

SP Suppression Pool
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APPLICATION OF PHEBUS RESULTS TO BENCHMARKING OF NUCLEAR
PLANT SAFETY CODES

J. Birchley, R. Cripps, S. Guntay, J.P. Hosemann

The PHEBUS Fission Product project comprises six nuclear reactor severe accident simulations, using
prototypic core materials and representative geometry and boundary conditions for the coolant loop and
containment. The data thus produced are being used to benchmark the computer tools used for nuclear
plant accident analysis to reduce the excessive conservatism typical for estimates of the radiological
source term. A set of calculations has been carried out to simulate the results of experiment PHEBUS
FPT-1 through each of its main stages, using computer models and methods analogous to those currently
employed at PSI for assessments of Swiss nuclear plants. Good agreement for the core degradation and
containment behaviour builds confidence in the models, while some open questions remain concerning
some aspects of the release of fission products from the fuel, their transport and chemical speciation. Of
potentially great importance to the reduction in source term estimates is the formation of the non-volatile
species, silver iodide. Current investigations are focused on the uncertainty concerning fission product
behaviour and the stability of silver iodide under irradiation.

1 INTRODUCTION

Switzerland, in common with other countries, uses
source term estimates to formulate emergency proce-
dures for nuclear plants in the unlikely event of an
accident with release of activity to the environment.
The estimates are invariably based on conservative
treatments of the accident sequence, necessitated by
the limited knowledge of the controlling phenomena.
Analyses using best-estimate tools have frequently
indicated substantially smaller releases but, at pre-
sent, knowledge and data are insufficient to place
reliance on the methods, or on the calculated results.
In particular, a sound, technical base for measured
data and analytical methods is required to justify any
revised, realistic estimate of the source term, to estab-
lish guidelines on accident management methods,
and to develop source-term mitigation policies, by
natural processes or engineered safety features, in a
containment.

The PHEBUS Fission Product (FP) project [1] is an
international, severe-accident research programme
conducted by the French Institute de Protection et de
Surete Nucleaire (IPSN). Switzerland, as represented
by the HSK, PSI and the Swiss utilities, is one of a
large number of participating organizations within the
PHEBUS Project. The key feature of PHEBUS is a
"cradle-to-grave" simulation of an accident, using pro-
totypic materials, and capturing the entire portfolio of
processes: transport, material and chemical, and their
causal interaction. The PHEBUS experiments thus
provide a rich and unique source of data on fission
product release, transport and chemical, behaviour
under prototypic conditions, with which to assess,
improve and validate methods for source term evalua-
tion, thereby placing best-estimate predictions of
source terms on a firmer basis.

The programme consists of six experiments. Different
key elements of the various possible accident situa-
tions are highlighted as conditions are modified from
test to test, thus filling in the major gaps in under-
standing. Topics identified for study include the effect
of burnup, steam limitation, boron carbide absorber

material, melting and release of fission products from
a debris bed, management of containment conditions,
and air ingress. The main outcome of the experiments
to date is that (i) material interactions between the
core components accelerate the fuel melting process,
(ii) unexpectedly high gaseous iodine concentrations
are transported to the containment, and (iii) a large
fraction of the iodine is trapped in the form of silver
iodide in the containment sump.

Extensive analysis effort has been undertaken within
PHEBUS, and the related EU 4th Framework Project
'PHEBUS Benchmark' (PHEBEN) [2], to interpret the
experimental results, to evaluate the computational
models, and to validate their application to plant as-
sessment. The present paper outlines the approach
adopted at PSI for the best-estimate assessment of
the source term for a nuclear plant under severe acci-
dent conditions, and shows how the models and
methods are exercised in simulating the various
stages of the PHEBUS FPT-1 experiment [3]. Conse-
quently, the core degradation, fission product trans-
port in the primary circuit, and thermal-
hydraulic/aerosol and iodine chemical behaviour in the
PHEBUS containment during experiment FPT-1, are
analysed using the SCDAP/RELAP5 [4], VICTORIA
[5], CONTAIN [6] and IMPAIR3 [7] codes.

2 ANALYSIS OF PHEBUS FPT-1

A major goal of the nuclear safety programme at PSI
is to develop and demonstrate a capability to perform
plant assessments, using computer models which
make best use of up-to-date scientific knowledge, and
which benefit from international evaluation and valida-
tion efforts [8]. A general scheme is indicated in Fig. 1.
Specifically, the main aim is to be able to carry out
integral calculations which encompass the accident
behaviour in the major sub-systems of a nuclear plant:
i.e., core degradation, fission product release, trans-
port in the coolant circuit, and thermal-hydraulic aero-
sol behaviour and iodine chemistry in the contain-
ment.
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Fig. 1: Strategy for plant source-term analysis.

The PHEBUS programme provides a unique opportu-
nity to assess our know-how, and to benchmark the
modelling tools for plant application using integral data
obtained from experiments performed with prototypic
core materials. As a first step towards this goal, we
have analysed separately the various aspects of the
entire sequence, as indicated schematically in Fig. 2.
For each major aspect of the simulation, initial and
boundary conditions are specified by reference to the
experimental data. As confidence in the modelling
capability grew during the course of the benchmarking
exercise, progress was made towards performing
linked calculations using output from one stage as
input to the next, as indicated in Fig. 3, thus reflecting
the strategy for plant analysis.

The benchmarking exercise at PSI has been per-
formed alongside efforts from numerous other partici-
pants in the PHEBUS project, and this combined effort
has enabled improvements in modelling, and up-
graded guidelines for severe accident analysis. The
SCDAP/RELAP5 code calculates the coupled heat-up
and degradation of the bundle, from which the output
is then used directly to calculate the release of fission
products using SASPROG [9], or indirectly using VIC-
TORIA. The latter code calculates both the bundle
release and transport through the coolant circuit and,
in principle, extends the integral simulation in order to
define the fission product source to the containment.

2.1 Bundle Degradation

The SCDAP/RELAP5 code treats mechanistically the
coupled thermal-hydraulics and core damage proc-
esses to calculate the fuel heat-up, cladding deforma-
tion, oxidation, fuel liquefaction, formation of block-
ages, debris and molten regions, and downward relo-
cation. Limitations in present knowledge mean that
some processes are modelled very simply, and are
typically controlled by user-defined options and crite-
ria, for example when liquefied (U,Zr)O breaks
through the layer of oxidised cladding and flows down
through the sub-channels between the fuel rods.
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Experience shows that the timing and occurrence of
the major events in the core damage sequence is
sensitive not only to the boundary conditions (steam
flow, heat balance ), but also to the model options.

Physically-based models for severe accident simula-
tion were available before the start of the PHEBUS
programme, but their modelling capability was rather
limited, and early code versions often suffered from
numerical instability and other run-time problems.
Indeed, the following statements summarise the con-
sensus forecast for FPT-0 bundle degradation [10],
based on the tools available at the time.

"Fuel dissolution would be extremely limited."
"There would be no substantial movement of fuel be-
fore the rods reached the UO2 melting point."

The outcome of FPT-0 dramatically refuted those
expectations, and graphically exposed the inadequa-
cies of our predictive capabilities. Developments dur-
ing the intervening period, which include post-test
analyses of FPT-0, led to improvements which make it
now possible to simulate realistically the PHEBUS
bundle degradation using current code versions.
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Fig. 5: PHEBUS FTP-1: lower bundle temperatures.

The current version of the code, SCDAP/RELAP5/
MOD3.2, was used with a simple hydraulic model
comprising a single channel for the bundle region. The
fuel thermal response is chosen for the comparison
with experiment as it provides the most clear-cut sig-
nature for interpreting the bundle behaviour. From the
comparisons in the upper and lower regions of the
bundle, shown in Figs. 4 and 5, respectively, the cal-
culation is seen to simulate correctly the temperature
escalation during the sequence of the power plateaux.
The results show good agreement for the timing and
magnitude of the oxidation peak, and for the subse-
quent drop in temperature after the onset of fuel relo-
cation.

The code also simulated correctly the hydrogen gen-
eration, the fuel movement and consequent voiding in
the middle of the bundle, and the formation of the
molten pool in the lower region. The quantity and
transient evolution of hydrogen generation was found
to be much improved using the more recent code
version, a main reason for which was the inclusion of
a model for oxidation of relocated material. The calcu-
lated end-state of the bundles are shown in Fig. 6.
The calculated relocation and melt spreading are
more extensive than observed.

' » v». 25:TIT,

• • - * : - *

Fig. 6: PHEBUS FPT-1: Calculated and observed
bundle end-state.

The discrepancies during the later period may be due
to several reasons, including the uncertainty in the
bundle power, and the tendency of the code to under-
estimate the heat losses from the molten pool. Never-
theless, the quantitative agreement might have been
better if, instead of the same point in time, the same
test termination criterion had been used as in the ex-
periment. Overall, the successful simulation reflects a
general improvement in the capability among the cur-
rent generation of computer codes, and contrasts with
the inadequacies of earlier versions.

2.2 Release from the Bundle and Transport
through the Circuit

The good agreement for the fuel temperature history
gives confidence that the calculated results are suit-
able for prediction of the release of fission products.
Two alternative methods were used: the empirical
code SASPROG, which is based on the correlations
published in NUREG-0772, and which is directly
linked to SCDAP/RELAP5, and VICTORIA-92 (the
pre-peer review version), which models the release
mechanistically via the thermodynamic properties of
the species and the transport in the fuel grains, poros-
ity and pellet-cladding gap. Comparison showed that
both codes gave quite good agreement for the total
release of volatile species (Cs,l,Te) and noble gases
from the bundle, but there were discrepancies in the
time profiles. The releases of semi- and low-volatile
species were poorly predicted generally: the releases
were overpredicted by SASPROG and underpredicted
by VICTORIA.

The release and transport history for iodine (all
chemical forms), as typifying the volatile species, is
shown in Fig. 7. Although the experimental values are
not at this stage definitive, it appears that the VICTO-
RIA calculation has slightly overpredicted the release
of iodine from the bundle, but has underpredicted
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the transport to the containment. It is believed that
most of the retention occurred in the upside of the
steam generator tube, where thermophoretic effects
were strong. Figure 8 shows retention was also calcu-
lated due to inertial and turbulent deposition at bends,
and in the downside of the steam generator tube,
respectively, and a small amount of gravity-settling in
the hot leg. The reasons for the discrepancy are un-
clear but are thought to stem from an inability to
model the chemical kinetic processes and their effect
on the iodine speciation, and particularly the volatility.
In addition, VICTORIA predicted similar behaviour for
all the non-gaseous species because the entire con-
densed phase are lumped together, which contrasts
with the observed differences in retention between the
various elements. The calculated release and trans-
port were also found to be unduly sensitive to the
chemistry options in the code. Also, VICTORIA calcu-
lated that all of the iodine was transported as Csl (in
accordance with normal expectations). In contrast, a
substantial fraction of the iodine was transported to
the containment in gaseous form. This unexpected
feature of both PHEBUS FPT-0 and FPT-1 is not ex-
plained by the present analysis.

Despite the acceptable agreement for the overall re-
lease of noble gases and volatile species, modelling
of the controlling processes remains unsatisfactory,

and the calculation cannot be considered reliable
enough to define a source to the containment.

2.3 Thermal-Hydraulic and Aerosol Behaviour in
the Containment

The thermal-hydraulic response of the containment is
determined almost entirely by the sources and sinks
of gases and energy. In order to simulate a reactor
containment in a facility as small as PHEBUS, the
walls are kept slightly superheated to avoid unrepre-
sentatively large areas for condensation and deposi-
tion (thermo- and diffusio-phoretic). The scaled heat
transfer surfaces are simulated by a condenser of
appropriate area, and kept at a controlled tempera-
ture. A simple two-node model (representing the main
volume and the sump), which was used with the
CONTAIN code, gave excellent agreement for the
pressure response, as is seen from Fig. 9. Indeed, a
somewhat similar global response was obtained using
a highly detailed CFD model [11]. It is noted that the
pressure response is determined almost exclusively
by the balance of gaseous inflow, condensation and
sampling, which appear to be fairly insensitive to the
detailed flow pattern. It is to be expected, however,
that the highly simplified noding represents perfect
mixing and instantaneous transport of steam to the
condensing surface, resulting in excessive condensa-
tion. For this reason, the best agreement was ob-
tained when the active condensation area was re-
duced by 30 percent, in order to counter this excess. It
is interesting to note that attempts to improve the spa-
tial resolution by axial refinement of the noding gave
much poorer agreement. The zero-dimensional model
of a single compartment is most clearly in tune with
the modelling concept of CONTAIN, which lumps to-
gether the effects of the various transport processes,
including the flow patterns; some of these processes
are suppressed in the one-dimensional noding.

There remains some uncertainty in the experimental
mass flow and characteristics (size distribution and
hygroscopicity) of the aerosols entering the contain-
ment.
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Fig. 9: PHEBUS FPT-1: pressure history in con-
tainment.
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Despite this difficulty, the CONTAIN model gave fairly
good agreement for the airborne aerosol concentra-
tion over the uncertainty range of the source. Figure
10 shows how the peak and subsequent rate of de-
crease vary as the source parameters are varied
within that band. Excellent agreement for the airborne
concentration was obtained with mass source pa-
rameters within the band of experimental estimate; the
calculated particle size was also in close agreement
with experimental data, as shown in Fig. 11. Agglom-
eration initially causes an increase in the size, but this
is limited since the larger particles settle rapidly. The
major contribution, about two-thirds of the calculated
deposition, was due to gravity-settling, while the re-
mainder was by diffusiophoresis at the condensing
surface, a result which is also broadly consistent with
the experiment. The data also show that a small but
non-negligible fraction (ca. 5%) of the aerosols were
deposited on the walls, but, since no thermal gradient
or flow pattern could be represented, the wall deposi-
tion could not be calculated. Overall, however, the
therefore supports the magnitudes provided by the
experimental team, and indicates that the CONTAIN
models provide a good simulation of the aerosol be-
haviour in a single compartment region.

2.4 Iodine Chemistry in the Containment

Experiments FPT-0 and FPT-1 exhibited two highly
interesting and somewhat unexpected features con-
cerning the iodine chemistry. A non-negligible fraction
of iodine was transported into the containment in
gaseous form; the presence of silver in the contain-
ment sump caused a large fraction of the iodine to be
fixed in the form of Agl, which is essentially insoluble
and non-volatile. The presence of gaseous iodine is
not fully explained, but may be due to one or more of
the following causes: (i) the released iodine did not
react fully with caesium, but was transported in ele-
mental form, or as another (volatile) compound;
(ii) iodide compounds reacted with the organic paint to
produce organoiodide; (iii) radiolytic oxidation of Agl in
the sump constituted a source of molecular iodine,
some of which was released to the gas space, accord-
ing to the prevailing chemical conditions.

The role of the various processes is being investi-
gated by PSI, in collaboration with JRC and CIEMAT
(Spain) [12]. The PSI-developed code IMPAIR3 de-
scribes the iodine chemistry aqueous and atmos-
pheric conditions, including the radiological sources.
The code was extended to include three reactions
involving silver, using data derived from recent ex-
periments [13]:
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Figures 12 and 13 show the results of preliminary
analyses. These indicate that the quantity of silver
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Fig. 11: FTP1 Post-Test Calculation with IMPAIR3.

present in the sump would be expected to have pre-
vented any release of molecular iodine to the gas
space, provided enough of the silver is oxidised to
Ag2O to fix all the iodide in the form of Agl. Since the
Ag + I" reaction is much slower than the others, one of
the uncertainties in the estimation is the extent of oxi-
dation. Calculations predict more than 99% of the
iodine is in the form of Agl if the silver is 10% oxi-
dised, and 97% at 2% oxidation. With a nominal Ag/I
molar ratio of 50, the latter case corresponds to only a
marginal availability of Ag2O, resulting in a small (2-
3%) fraction of the iodine in a potentially volatile form
(l2 and organic).

A sensitivity study, in which only the Ag + l2 reaction is
modelled, resulted in less than half of the iodine in the
form of Agl. Most of the remainder is I" in solution,
with a smaller fraction (6%) as l2. Since the Ag + l2
reaction is relatively fast, the smaller conversion to
Agl is a consequence of the low dose rate in experi-
ment FPT-1, which resulted in a slow radiolytic oxida-
tion of iodide to l2. Therefore, the effects of radiolytic
oxidation of I" appear to have been minor in FPT-1.
Not addressed in this study is the stability of Agl under
irradiation, which remains an issue under investigation
at PSI in ongoing collaborative work.
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3 SUMMARY AND CONCLUSIONS

The analyses indicate significant progress towards the
primary aim of demonstrating capability to model the
entire sequence and behaviour in all of the main sub-
systems during a reactor severe accident. The results
for bundle degradation and containment response, in
particular, provide a good deal of confidence in the
predictive cabilities of the respective tools. In contrast,
the modelling of release, chemical speciation and
transport of fission products, lags somewhat behind.

The good simulation of bundle heat up, hydrogen
generation and degradation owes much to the efforts
of code developers and investigators during recent
years, and the lessons learnt from PHEBUS FPT-0,
which exhibited much greater degradation and hydro-
gen generation than were predicted using the tools
available at the time. Although the late phase of core
damage is not specifically addressed by PHEBUS, the
ability to reproduce the melting and relocation indi-
cates some capacity to address the damage escala-
tion, culminating in core relocation to the reactor ves-
sel lower head.

Despite the simplicity of the containment model used
with the CONTAIN code, excellent overall agreement
for the thermal-hydraulic response and aerosol behav-
iour were obtained. This supports the choice of code
and the lumped-parameter modelling approach to
simulate those features of the containment behaviour
addressed by PHEBUS FPT-1. More detailed models
would be required to calculate the species distribution,
in order to address issues such as hydrogen deflagra-
tion and detonation.

Reliable simulation of release, transport and chemical
speciation of fission products could not be achieved
with the available version of VICTORIA. Discrepan-
cies between the retention of the various species,
particularly iodine, appear to stem from inadequacies
in modelling of the chemistry, and its effect on volatil-
ity during release and transport. As a consequence,
the code has overpredicted iodine retention in the
circuit, and failed to differentiate between retention
characteristics of the different species. The transport
of iodine in gaseous form is also not explained. The
uncertainties thus revealed make it necessary to ana-
lyse the aerosol and iodine chemical behaviour in the
PHEBUS containment separately from the release
and transport, using experimental results to define the
source.

The factors which control the iodine chemical behav-
iour are complicated and, as yet, unclear, but the
presence of silver in the containment sump appears to
play an important role in limiting the release of mo-
lecular iodine to the gas space. Investigations are in
progress to determine the stability of Agl at prototypic
dose rates, and to extend the modelling capability of
the IMPAIR3 code.

The findings from the exercise have increased our
knowledge of the key processes, and this know-how is
being incorporated into improved modelling tools to be
used in the follow-on project, PHEBEN-2, within the
EU 5th Framework. The project aims to demonstrate
the ability to reproduce adequately the entire se-
quence, and to address the remaining open questions
concerning chemical speciation, the flow and distribu-
tion in the containment, and the stability of Agl under
irradiation.
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IRRADIATION OF INERT MATRIX AND MIXED OXIDE FUEL IN THE HALDEN TEST
REACTOR

Ch. Hellwig, U. Kasemeyer

In a new type of fuel, called Inert Matrix Fuel (IMF), plutonium is embedded in a U-free matrix. This offers
advantages for more efficient plutonium consumption, higher proliferation resistance, and for inert
behaviour later in a waste repository. In the fuel type investigated at PSI, plutonium is dissolved in yttrium-
stabilised zirconium oxide (YSZ), a highly radiation-resistant cubic phase, with addition of erbium as
burnable poison for reactivity control. A first irradiation experiment of YSZ-based IMF is ongoing in the
OECD Material Test Reactor in Halden (HBWR), together with MOX fuel (Rig IFA-651.1). The experiment
is described herein and results are presented of the first 120 days of irradiation with an average assembly
burnup of 47 kWd/cm3. The results are compared with neutronic calculations performed before the
experiment, and are used to model the fuel behaviour with the PSI-modified TRANSURANUS code. The
measured fuel temperatures are within the expected range. An unexpectedly strong densification of the
IMF during the first irradiation cycle does not alter the fuel temperatures. An explanation for this behaviour
is proposed. The irradiation at higher linear heat rates during forthcoming cycles will deliver information
about the fission gas release behaviour of the IMF.

1 INTRODUCTION

In a new type of fuel, called Inert Matrix Fuel (IMF),
plutonium is embedded in a U-free matrix. This allows
the plutonium to be burned without generating fresh
amounts by neutron capture in U2 8, and thus to
achieve a more efficient consumption of plutonium
than for Mixed Oxide Fuel (MOX). The fuel research
at PSI has latterly concentrated efforts in this field on
a ZrO2-based matrix. In this fuel, plutonium is
dissolved in yttrium-stabilised zirconium oxide (YSZ),
a highly radiation-resistant cubic phase with the
potential of achieving high burnup [1]. The IMF is
designed to replace MOX in conventional fuel
assemblies. Erbium has to be added as burnable
poison to the fuel for reasons of reactivity control [2].

Further advantages of the new fuel type result from
the chosen matrix, which is not only neutronically, but
also chemically, inert. The extreme insolubility of the
matrix is of advantage with regard to cladding failure
in the reactor, preventing the wash-out of fissile
material and fission products. The spent fuel
assemblies would be ready to be sent for direct waste
disposal with only little conditioning, as the fission
products are already embedded in an inert matrix [3].
The extreme difficulties in dissolving the matrix are
also an important factor for non-proliferation reasons.

After years of basic research on the properties of this
new fuel [4-9], a first irradiation experiment of YSZ-
based IMF is ongoing in the OECD Material Test
Reactor in Halden (HBWR), together with MOX fuel
(Rig IFA-651.1) [10]. The present report gives an
overview of the irradiation experiment in Halden, its
layout, the results obtained to date, and the plans for
further irradiation tests.
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Fig. 1: Schematic of IFA-651.1 rig.

2 EXPERIMENTAL DETAILS

The irradiation experiment IFA-651.1, with IMF based
on YSZ and MOX fuel, started as part of the OECD
Halden Reactor Project at the end of June, 2000. The
aim of this experiment was to measure the central line
temperature, its change with burnup, fission gas
release, densification and swelling, and the general
thermal behaviour of these fuels. The first cycle was
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completed after 120 days, and an average assembly
burnup of 47 kWd/cm3 (i.e. 4.5 MWd/kgMOx for MOX
fuel) was achieved. Note that this unconventional unit
for burnup (produced energy per unit volume) was
chosen because IMF and MOX fuel have very
different densities; the unit is frequently used in
connection with IMF.

2.1 IFA-651.1

In IFA-651.1 (IFA = Instrumented Fuel Assembly), the
rods are equipped with expansion thermometers
(ETs), thermocouples (TFs), fuel extensometers
(EFs), and pressure transducers (PFs). To position
the TFs, a hole was drilled about 50 mm into the fuel
stack. The TF was then inserted to a depth of about
38 mm. For the ETs, a central hole was drilled in the
whole fuel column. Table 1 summarizes the
instrumentation of the various fuel rods, and Fig. 1
shows a schematic of the IFA-651.1 rig. In order to
obtain a good record of the axial power distribution,
the assembly is instrumented with three axial Neutron
Detectors (NDs). The radial power profile is
determined by three radially arranged NDs, which are
placed on the central axis of the assembly.

Table 1: Instrumentation and positions of the various
fuel rods within IFA-651.1

Rig Position

Fuel Designation

Fabr. Method

Instrumentation

Free Volume

Rig Position

Fuel Designation

Fabr. Method

Instrumentation

Free Volume

1

MOX-SBR

SBR

TF,PF

25%

4

IMF-CO

Co-Prec

TF,PF,EF

30%

2

IMF-ATM

Dry Mill

TF,PF,EF

30%

5

IMF-ATT-2

Dry Mill

ET,PF

30%

3

MOX-ATT-1

Dry Mill

ET,PF

30%

6

MOX-ATT-2

Dry Mill

TF,PF,EF

30%

ET: Expansion Thermometer; TF: Thermocouple; PF:
Pressure Transducer; EF: Fuel Extensometer

2.2 Power Determination

All parameters describing the fuel behaviour, such as
fuel central temperature, pressure, stack elongation,
are real-time and in-core measured values, while
those relating to the power (linear heat rate, burnup)
depend on neutron physics calculations. Such
calculations were performed in preparation of the
experiment using the two-dimensional transport code
HELIOS [11], with its cross-section library based on
ENDF/B-VI [12], to determine power, power
distribution in the rig, depletion function, fission gas
production rates, and the radial power distributions
within the IMF and MOX fuel rods. Therefore, IFA-
651.1 was modelled within an average environment of
the Halden Reactor. Figure 2 shows IFA-651.1 in this
environment. It was modelled as an infinite
configuration with critical buckling, so that the neutron
spectrum was the same as the average neutron
spectrum in the Halden Boiling Water Reactor

Fig. 2: The environment of IFA-651.1 in the Halden
Boiling Water Reactor as it was used for the
layout calculations with HELIOS.

(HBWR). The enrichment of the rods was chosen in
such a way that all rods have similar power, and
would achieve similar burnup.

During the measurement, the power of each rod is
determined by multiplying a rod-dependent, power
conversion factor (PCF) with the neutron detector
signal, which measures the actual flux in the
experiment, and a depletion function. Both PCF and
the depletion function are calculated by HELIOS. The
power conversion factor transforms the measured
neutron detector signal into the rod power at
beginning of cycle, while the depletion function
describes the power reduction with burnup. Hence,
the calculation of the PCFs can be validated through a
power calibration at beginning of cycle, while the
depletion function and burnup calculation can be
validated by a second or third power calibration at
certain burnup points.

During power calibration, the relation between the
power production and the average ND-signal of the rig
is measured. The power production is determined by
measuring the (sub-cooled) water flow in the rig, and
its temperature increase as a result of the heat
production in the fuel rods. Subtracting the y-heating
from the measured power gives the rod power
production. The relation of this power to the ND-signal
is the so-called KG-factor, which can also be
calculated by HELIOS.

Two power calibrations were carried out, one at
beginning of cycle, and one at the end of cycle. In the
first case, the KG-factor was measured to be
0.750 kW/nA, while the predicted value was
0.772 kW/nA. This means that the calculated value
was 3% higher than the measured one, and was
within the uncertainty range of the measurement. The
second power calibration was carried out at an
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average assembly burnup of 47.1 kWd/cm . The
average depletion function of the assembly was
measured to be 0.935, while the predicted value was
0.942, only 0.8% too high. This indicates that the
neutron physics behaviour of such novel Inert-Matrix
Fuel can be simulated quite accurately.

After the first power calibration, all PCFs were
reduced by 3% to adjust the calculated values to the
measured ones so that the power conversion factors
continue to include the calculated rod power
distribution; the depletion function cannot be adapted
(it is a fourth order polynomial). The calculated
function will then be used for the whole irradiation
time.

Figure 3 shows the calculated radial power
distributions of IMF in comparison to that of MOX fuel.
In IMF, the relative power decreases at the rim and
increases by 40 to 50% at the fuel centre as burnup
increases from 0 to 440 kWd/cm3; there is no build up
of new plutonium from uranium in IMF. This effect
must be taken into account during measurement in
order to estimate the degradation of the thermal
conductivity during burnup. For MOX fuel, the
increase of relative power at the fuel centre is lower,
and the typical rim effect arises.
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2.3 Fuel

The test contains three rods of IMF and three rods of
MOX fuel. The IMF for two rods was fabricated by a
dry attrition mill method (IMF-ATT), while the third IMF
rod was fabricated by a wet process (IMF-CO).

For IMF-ATT, the powder constituents (ZrO2, PuO2,
YO2 and ErO2) were mixed together in a vessel,
stirred mechanically, and then milled to a
homogeneous powder in the attrition mill. To increase
the fluidity, the powder was precompacted with low
pressure, and then broken again to granules in a
granulator; 0.4wt% zinc stearate as lubricant was
admixed to the granulated powder before compaction.
The pellets were pressed at 500 MPa, and then
sintered at 1450°C for 6h in a CO2 atmosphere. The

pellet density determined by water immersion was
95% of the theoretical density. The grain size was
difficult to determine, but was of the order of 5 |j,m.

For IMF-CO, microspheres with the desired compo-
sition were produced by internal gelation, dried at
200°C, and calcined at 550°C in an argon
atmosphere. The calcined spheres were crushed by
an automatic mortar to particles, and then milled in the
attrition mill to fine powder. Granulation and pelletizing
of this material was carried out in the same way as for
IMF-ATT. The green pellets were sintered at 1700°C
for 6h in an N2+8H2 atmosphere. The pellet density
determined by water immersion was 92% of the
theoretical density for one batch, and 86% for a
second batch. The grain size was of the order of
25 jxm.

MOX-ATT fuel rods were produced in the same way
as IMF-ATT (mixing PuO2 and UO2 powder before
attrition milling) [13]. Sintering was performed at
1450°C in a CO2 atmosphere for 5h, reaching a
sintered density of the pellets of 95%, and a grain size
of the order of 10|am. Additionally, one, commercial
fuel rod with short-binderless route (SBR) MOX fuel
from BNFL was used as reference [14]. The Puf/ss

content was 0.54 g/cm3 for MOX, 0.7 g/cm3 for IMF-
ATT, and 0.61, 0.65 g/cm3 for the two IMF-CO
batches, respectively.

2.4 Power History

The power history of the rig is typical for the HBWR
(see Fig.4). Maximum power was achieved after 15.5
days, and reached between 26.3 kW/m (for rod 1) and
23.4 kW/m (for rod 3).

The achieved burnup after this first cycle in the HBWR
was between 45.1 kWd/cm3 (rod 4) and 49.6 kWd/cm3

(rod 5).

From highest to
lowest power:
IMF-ATT (rod 2)
MOX-SBR(rodi)
IMF-ATT (rod 5)
MOX-ATT (rod 6)
IMF-CO (rod 4)
MOX-ATT (rod 3)

20 40 60 80

time [days]
100 120

Fig 4: Average linear heat rate vs. time
forlFA-651.1.
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3 RESULTS

3.1 Fuel Behaviour

The measured centre temperatures for the fresh fuel
are within the expected range for both IMF and MOX
fuel. Figure 5 shows the measured temperatures. It is
obvious that all IMF rods reached significantly higher
temperatures due to their lower thermal conductivity
compared with the MOX rods.
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The pressure is decreasing in all six rods (see Fig. 6).
This indicates densification of the fuel (i.e. increase in
free rod volume), while fission gas release was not
detected due to the low burnup. The densification
could also be observed from the stack elongation
measurement (see Fig. 7).

The densification of the PSI-MOX fuel is similarly low,
and reaches approximately 1.0% (rod 3) and 1.7%

3(rod 6) after 15 kWd/cm3
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Fig. 6: Normalised pressure vs. burnup
forlFA-651.1.

The densification found in IMF is unexpectedly high.
Both IMF-ATT rods sinter to nearly 100% of the
theoretical density within 35 kWd/cm3 burnup. IMF-CO
shows a slower densification than IMF-ATT: it is still in
progress after 120 days and a burnup of 45 kWd/cm3.
This can be explained by the much smaller grain size
in IMF-ATT, and thereby an enhanced ability to
restructure.

In spite of the strong densification, the fuel temper-
atures of the IMF fuel also stayed stable. Figure 8
shows the fuel centre temperatures, normalised to a
power of 25 kW/m, in a time range in which significant
densification takes place (see Fig. 7). The two IMF
rods show the same gradual increase in temperature
compared with the three MOX rods, due to the
densification and the resulting increase in gap width.
One IMF rod with an elongation thermometer (rod 5),
and therefore fuelled only with annular pellets, shows
even a slight decrease of the normalised temperature.

In MOX fuel, the densification during irradiation is
limited in the specifications in order to avoid the
formation of a large gap, and consequently a large
increase of the fuel temperatures. It is remarkable that
the high and fast densification in IMF does not alter
the fuel centre temperatures significantly. An
explanation, and a model for this new behaviour, are
proposed in the next section.
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Fig. 7: Fuel axial elongation vs. time in IFA-651.1.

3.2 Fuel Modelling

For the instrumentation of the fuel pins, and the
estimation of the fuel behaviour in order to fix safety
limits, calculations had to be performed prior to
irradiation. This was done with a modified version of
the code TRANSURANUS (V1M1J99) [15]. The
TRANSURANUS code turned out to be very suitable
for this purpose as it allows the implementation of a
wide range of new models into the mathematically
stable framework of the code. As only very few data
for IMF, i.e. (Er,Y,Pu,Zr)O2-x, are available, large
uncertainties must be attached to the prediction of the
fuel centre temperature and fission gas release.
Nevertheless, modelling was useful in support of the
layout of the experiment, and to identify crucial
parameters for fuel behaviour.
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Modification of the code was done by adapting data to
suit IMF or related material. For IMF, a thermal
conductivity of 1.9 W/(K*m) for all temperatures was
used [16]. The radial power distribution was taken
from a HELIOS calculation, and used as table-input in
TRANSURANUS. The actual and theoretical density
of IMF was measured during the fabrication. No other
correlations or models are known for IMF. As YSZ is
widely used for engineering purposes, thermal
expansion at room temperature, yield stress, Young's
modulus, emissivity, melting temperature and specific
heat are are all well known, and were consequently
used for modelling IMF. In the case of unknown IMF
or YSZ material correlations, the standard correlations
for UO2 were used (swelling, creep strain), according
to irradiation tests for ZrO2-UC>2 [17,18]. The
TRANSURANUS standard fission gas release model
for UO2 was used as a first approximation with regard
to diffusion experiments with Cs and I in single-phase
(Y,Ce,Zr)C>2 [19,20]. The modified code allowed a fast
adaptation of the different models to the observed
behaviour of IMF.

The densification model, and either the thermal
conductivity or the relocation model, had to be
modified after the data from the first cycle became
available. As, up to now, no fission gas release could
be observed (due to the relatively low burn-up), the
fission gas release model could not be tested or
modified.

Densification was first modelled with a simple
densification model. This model, which gives
reasonable results for MOX, could not reproduce the
data obtained during the first 120 days of irradiation.
As IMF shows strong densification, but nearly no
increase in fuel centre temperature (which would
reveal a homogeneous sintering with an increase of
the gap), the gap size must stay nearly unaffected by
the densification process.

A new model is proposed which takes into account the
experimental results. The model assumes an
immediate fragmentation of the fuel due to thermal

stresses, which causes also relocation. The fragments
of the fuel are placed in a strong temperature gradient
due to the low thermal conductivity of IMF.
Densification starts in the hot centre zone of the
cracked fuel pellets. The single pieces of fuel are
restricted in their relative movement by the colder
outer fuel zones. Therefore, the hot centre edges of
the fragments (which are of pie-slice shape) density,
and material is moved towards the colder fuel in the
outer area. As irradiation proceeds, this process
continues. Figure 9 shows a sketch of the proposed
densification, which must always be regarded as
isotropic: this means, when densification takes place,
shrinkage of the fuel stack length must be modelled.

A B C

Fig. 9: Sketch of the proposed densification model.
A: fresh and densified pellet due to the MOX-
densification model.
B: fresh pellet with cracks due to the IMF-
densification model.
C: densified pellet with increased open crack
volume due to the IMF-densification model.

Four additional comments must be given regarding
this model. Firstly, the model can be definitely
confirmed only after PIE (by neutronradiography or
micrographs). Secondly, the fuel centre temperatures
are only measured in annular pellets: the model
assumes no difference between annular and solid
pellets with regard to densification behaviour. Thirdly,
the assumed cracks are parallel to the direction of the
heat transport, and do not reduce the thermal
conductivity. On the contrary, the thermal conductivity
is increased by the loss of porosity due to
densification. Fourthly, this model describes an
extreme view of the mechanisms. In reality, a certain
growth in gap size might be observed. This is taken
into account by a factor defining the weighting
between the simple densification model and the
proposed new model.

The new model was implemented in TRANSURANUS
using the "crack volume". This volume was defined to
keep the mass constant while the diameter of the
pellet increases due to relocation. The crack volume
does not influence the thermal conductivity by the
porosity correction in the new model. The lateral
amount of the free volume gained by densification is
added to the crack volume, while the axial amount of
the densification is used to model a decrease in fuel
stack length. In order to keep the implemented model
simple, no temperature dependence is used in the
implementation. Therefore, the processes in the hot
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fuel centre zone (where sintering is immediately
noticed by the PFs), and in the colder outer fuel region
(where the ETs detect sintering), are taking place
virtually at the same time. In fact, the experimental
results show, in accordance with the proposed model,
that the ETs detect slightly slower sintering than the
PFs.

Results of the TRANSURANUS modelling are
compared with the experimental results for rod 2 in
Fig. 10 to Fig. 12. The inner pin pressure and the fuel
stack length could be modelled satisfactorily well. The
qualitative similarity of the fuel elongation data is very
good. The quantitative difference in fuel stack length
cannot be explained by axial relocation, nor by
different thermal expansion, but is most probably due
to experimental effects.

The temperatures do not only depend on the thermal
conductivity and the densification model, but also on
the relocation model. Relocation means the
decreasing of the gap by a slight relocation of the
pellet segments towards the cladding. Modelling the
experiment without a relocation model would lead to
differences between measurement and calculation of
20 to 30°C at maximum, which could be regarded as a
very good agreement. But, since experience with
ceramic fuel and the proposed densification model
both indicate that relocation takes place, a relocation
model should be applied in the calculation.
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Fig. 10: Measured and calculated temperatures for
rod 2 (IMF-ATT).

The relocation of the fuel is caused by thermal
stresses, and depends on the temperature
distribution, the thermal expansion, the Young's
modulus, and the yield strength of the fuel. The UO2

relocation model of the GAPCON-3 code was used in
TRANSURANUS to model the MOX fuel, and
achieved reasonable results. When this model is used
for the IMF rod, the thermal conductivity of IMF must
be reduced from 1.9 to 1.75 W/(K*m) to give
agreement between experiment and calculation within
30°C. If the thermal conductivity is left untouched, the
relocation model might be adjusted to the
experimental results.
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Fig. 11: Measured and calculated pin inner
pressures for rod 2 (IMF-ATT).

The results shown in Fig.10 to Fig.12 have been
calculated using the previously given thermal
conductivity of 1.9 W/(K*m), and a modified
GAPCON-3 relocation model. The modification
consisted of limiting the (relocation-driving) linear heat
rate to 18 kW/m, and adding a factor 0.5 to the
relocation strain. Although some evidence for this
procedure was found in the experimental data, it must
be clearly pointed out that there is no theoretical or
larger experimental basis for the assumption. To
conclude, modifications to thermal conductivity and
relocation are interchangeable to a certain extent,
giving satisfactory agreement between experiment
and calculation (without affecting significantly the pin
pressure or the fuel stack elongation results). No
further conclusions can be drawn from the available
data.

In the second cycle, the power will be enhanced to
over 32 kW/m. The temperatures, which will then be
reached in IMF, would cause fission gas release
(FGR) in MOX fuel, and will be predicted by
TRANSURANUS using the UO2 FGR model. At
temperatures above 1400°C, the potential for fission
gas retention in IMF not only depends on the retention
potential of the matrix, but also on the stability of the
grain boundaries. Grain boundary movement during
restructuring and pore migration would sweep the
fission gas to the grain boundaries, and shorten the
release path. While no significant pore migration is
expected in the second cycle for IMF-ATT (the
material reached 100%TD during the first cycle), IMF-
CO might show this effect. Restructuring could take
place in the IMF rods during the second cycle, and
might trigger FGR. Differences between IMF-ATT and
IMF-CO can also be expected for these processes
due to the different as-fabricated grain structure.
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measured data
calculated data
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Fig. 12: Measured and calculated fuel stack lengths
for rod 2 (IMF-ATT).

4 CONCLUSIONS

The IMF/MOX irradiation test in Halden has started
successfully and a large amount of valuable data has
been collected. The neutronic behaviour could be
predicted accurately, and the fuel temperatures are
within the expected range. The measured
temperatures can be modelled well using a modified
relocation model. The proposed thermal conductivity
of IMF could not be validated due to the dependence
of the fuel temperatures on the unknown relocation
behaviour. The unexpectedly strong densification,
which occurred during the first irradiation cycle, does
not alter the fuel temperatures. A new densification
model with an increase of the open crack volume is
proposed to explain the experimental findings. The
high densification might be of advantage for fission
gas retention when higher linear heat rates are
reached during the second cycle, because no pore
migration would then sweep out the gas. In general,
the FGR will be the main area of interest during the
second cycle.
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DUCTILITY DEGRADATION OF IRRADIATED FUEL CLADDING

A. Hermann, M. Martin, P. Porschke, S. Yagnik1>

Electric Power Research Institute, Palo Alto, USA

The current trend in the nuclear industry towards higher fuel burnup is often accompanied by increased
waterside corrosion and hydrogen pick-up of Zircaloy, contributing to its ductility degradation. Conse-
quently, in the frame of the third phase of the Nuclear Fuel Industry Research (NFIR) Programme at PSI,
work has been performed to evaluate the development of the decrease in ductility of Zircaloy-4 materials
due to reactor irradiation and increasing hydrogen content. Tensile testing was applied to irradiated guide
tube (GT) specimens, and the mechanical properties of the irradiated cladding were determined using
burst-testing methods. The investigations have revealed a decrease in ductility of Zircaloy-4, mainly
caused by irradiation, and only partly by increasing hydrogen content, but even after irradiation from a fast
neutron fluence ( E > 0.82 MeV ) of ca. 1022 cm2, and a hydrogen pick-up of about 1000 wt.-ppm, an
elongation of Zircaloy-4 cladding of > 1% was observed at high (< 350 °C), as well as at room, tempera-
ture. In contrast to elongation, the strength data remain nearly constant with increasing hydrogen concen-
tration in the cladding metal.

1 INTRODUCTION

Increased waterside corrosion of Zircaloy under the
harder operating regimes required to achieve higher
burnups, and the higher degree of hydriding con-
nected with it, could be a potential performance-
limiting factor for nuclear power plants. Hence the
need to investigate the mechanical properties of Zir-
caloy cladding at high burnups, to better understand
the consequences for cladding integrity. In this con-
text, many papers have been published on the influ-
ence of hydrides and/or irradiation on the mechanical
properties of Zircaloy-4 (e. g. [1-6]). It was found that
elongation of Zircaloy decreases with increasing hy-
drogen content, sometimes, depending on the kind of
mechanical test, showing a ductile-brittle transition at
a certain hydrogen level or test temperature [5-8]. But,
only a few investigations of spent fuel rods have been
performed, and these have focused on relating me-
chanical properties to burnup rather than giving de-
tailed information on hydrogen content and distribution
[9-12]. Consequently, a project within the NFIR pro-
gramme has been undertaken at PSI to determine the
decrease in ductility of Zircaloy-4 materials as a result
of reactor irradiation and increasing hydrogen content.

Irradiated guide tubes and fuel rods (FRs) were in-
cluded in the investigations. In parallel, a programme
on non-irradiated (as-received and charged with hy-
drogen), archive Zircaloy-4 tubing samples, covering
all metallurgical conditions, was procured to qualify
the test methods and to obtain data for comparison.

Because of the close correspondence to in-reactor
load, tensile tests were applied to guide tubes, and
closed-end burst tests to fuel cladding. A variety of
examination techniques were employed after the me-
chanical tests to obtain information on final deforma-
tion, fracture mode and hydrogen content, as well as
distribution.

2 MATERIALS AND METHODS

2.1 Materials

Irradiated Ringhals-2 guide tubes (Zry-4, recrystal-
lized) and four spent Goesgen Zry-4 fuel rods (2
stress-relieved, 1 late p-queched stress-relieved, and
1 recrystallized) were involved in the investigations.
The sample material for the programme on non-
irradiated archives was delivered by the NFIR group.

2.2 Methods

Fig. 1 : Schematic view of a horizontal cut through the
gripping jaws with a positioned GT specimen.

Tensile testing was applied to irradiated guide tube
(GT) specimens comprising segments cut from the
entire tubing (Fig. 1). The tests were performed using
a fully computer-aided, servohydraulic MTS Material
Test System with a 100 kN load frame, high tempera-
ture hydraulic wedge grips, an environmental cham-
ber, and mechanical and optical strain gauges.

Closed-end burst testing with oil pressurization was
performed on fuel cladding samples, after removing
the fuel (fully or partly) using drilling procedures. The
burst-test system was developed at PSI and placed
within a shielded box.
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pressure sealing
rings

connecting screws

plug

Fig. 2: Schematic of the sample mounting for burst testing.

The main components of the system are:

• a high pressure oil supply system allowing a linear
pressure increase (0.01-1500 bar/s) up to rupture;

• a motor-driven, torque-wrench device for tightening
the end seal caps; and

• a two-zone furnace placed below the bottom of the
box, capable of accommodating the specimen to-
gether with the strain-measuring device (SMD);

As illustrated in Figs. 2 and 3, the specimens were
tightly closed at one end, and filled with steel man-
drels (-8% clearance in diameter and length) to re-
duce the stored energy.

Figure 3 is a view into the burst box after a burst test
and removal of the sample from the test position in the
furnace. On top of the specimen, one can see the
fixture of the SMD, which is based on an inductive
displacement transducer capable of covering the en-
tire temperature range from room temperature to
350°C. A high-precision, mechanical device transfers
the movement of the probes to the piston of the trans-
ducer, as shown schematically in Fig. 4.

sample

inductive
displacement
transducer

coils

piston

Fig. 4: Schematic of the strain-measuring device
(SMD).

Fig. 3: View of the shielded box:
a) sample after bursting; b) closed end; c)
SMD; d) thermocouple; e) furnace cover; f)
elevator for sample positioning; and g) fur-
nace opening.

The plastic Uniform Circumferential Elongation (UCE)
was determined from diameter measurements along
the specimens before and after the burst test. The
diameter was measured using a remote bench, in 5
mm steps, and along three straight axial lines of 60° at
the cladding surface. The points of constant expan-
sion, usually beginning at 2 cm distance from the
burst opening, and covering 1-1.5 cm of the specimen
length, were taken into consideration. The SMD could
not be used because the position where the sample
opens is not pre-determined. SMD was, however,
used to determine the Young's modulus and 0.2%
yield strength.
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The plastic Total Circumferential Elongation (TCE)
was determined by:

• wrapping a thin Al foil around the maximum bulge
for non-irradiated samples; and by

• cutting a ring sample from the location of the
maximum bulge, and by optical measurement of
the circumference for irradiated samples. The sec-
tion was mounted in cold-setting resin, and a pol-
ished metallography image was prepared. The
computer code "analySIS", supplied by the com-
pany "Analysis", Muenster, Germany, and installed
on a PC, was used for data evaluation (image
analysis), and gave a relative reproducibility of
about 1%.

The stress crwas calculated according to the formula:
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Fig. 5: Elongation of GT specimens as functions of
hydrogen concentration.

(p: pressure; D{: inner tube diameter; t : wall thick-
ness ).

In the case of irradiated samples, for which direct
measurements were impossible due to fuel and oxide,
the inner diameter £)• and the wall thickness t were
determined from the outer diameter Do (measured
before the test), taking into account (i.e. subtracting
appropriately) the outside and inside oxide thick-
nesses (taken from the oxide thickness measure-
ments before cutting, and from available metallogra-
phy images), and the Pilling-Bedworth ratio (-2/3 of
the oxide has to be related to the metal before oxida-
tion). Also, the rod length increase during irradiation
was measured for correction.

3 RESULTS AND INTERPRETATION

3.1 Tensile Testing on Guide Tube Material

Tensile tests were performed at room temperature
and at 300°C on irradiated, as well as on non-
irradiated (as-received and hydrogen-charged at GE1

Vallecitos Nuclear Center), GT samples. The charging
procedure resulted in some non-uniformity of the hy-
drogen distribution, and so the mechanical properties
have been related to local hydrogen concentrations
determined near the crack surface rather than to
mean sample values.

The elongation data (elastic + plastic) of the non-
irradiated samples are plotted against the local hydro-
gen content in the crack region in Fig. 5. The de-
crease of the total elongation with increasing hydro-
gen content is more pronounced compared with the
uniform elongation. Whereas both uniform and total
elongation at 300°C are represented by smooth
curves in Fig. 5 at room temperature, uniform and
total elongation are identical at hydrogen concentra-
tions of about 1000 ppm and higher, giving an indica-
tion that from there on no necking occurs.

archive I total 0 uniform
irradiated • total o uniform

0 500 1000 1500 2000

Local Hydrogen Concentration [ ppm ]

Fig. 6: Change of uniaxial elongation (elastic + plas-
tic) with hydrogen concentration of neutron-
irradiated (<&: (7.7-8.2)-1021 cm"2 , E > 0.82
MeV) and hydrogen-charged archive GT
specimens at 300°C (strain rate -10"4 s"1).

GE: General Electric

All data in Figs. 6 and 7 show a decrease in elonga-
tion with increasing hydrogen concentration. The drop
in the elongation values from unirradiated to irradiated
specimens at comparable hydrogen levels is consid-
erable. The decrease in total elongation (ductility)
caused by fast-neutron irradiation to a fluence of 7.7-
8.2-1021 cm"2 (E > 0.82 MeV) amounts to 80-85% at
-250 ppm H at room temperature and, at 300°C, the
same relative decrease is observed up to a hydrogen
level of -1100 ppm. Similar decreases in total elonga-
tion have been reported in the literature [13,14]. The
disturbance for the development of slip systems in the
deformation process coming from irradiation-induced
obstacles (at the fluence investigated) seems more
significant than that caused by hydrogen and hy-
drides. The irradiation damage is uniform, and causes
the larger effect, since most of the hydrides are not
concentrated in the fracture plane itself, but tend only
to subdivide the metal into multiple layers.
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In contrast to elongation, increasing hydrogen content
in samples has little influence on tensile strength: see
Fig. 8, for example, in which considerable increase in
strength due to irradiation is evident (irradiation hard-
ening).
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Change of elongation (elastic + plastic) with
hydrogen concentration of neutron-irradiated
(O: 7.7-8.2-1021 cm"2, E> 0.82 MeV) and hy-
drogen-charged archive GT specimens at
room temperature (strain rate ~10"4 s"1).
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Change of tensile strength with hydrogen
concentration of fast (E> 0.82 MeV) neutron
irradiated (<D: 7.7-8.2-1021 cm"2 ) and of
charged with hydrogen archive GT specimens
at room temperature.

3.2 Burst Testing on Fuel Cladding Material

Burst tests were performed at room temperature,
300°C, and 350°C, on irradiated, as well as on non-
irradiated (as-received and hydrogen-charged at
INER2, Taiwan), fuel cladding (FC) samples. The SMD
enabled us to record stress-strain data. As an exam-
ple, results of burst tests at room temperature on ar-
chive samples, with different hydrogen content, are
plotted in Fig. 9.

8
CD
j = 400
CO
Q.
o

I\ \ uncharged
200 ppm H
500 ppm H

1000 ppm H

0,00 0,02 0,06 0,08

Hoop Strain [ mrrVrnm ]

Fig. 9: Hoop stress-strain plots of burst tests at room
temperature on stress-relieved FC samples
with varying degrees of hydrogen charging.

Figure 10 shows the effect of hydrogen and irradiation
on burst properties of stress-relief annealed (SRA) FC
specimens. Most of the irradiated burst samples were
of SRA initial metallurgical condition. Therefore, in Fig.
10, the data of the archive SRA series are plotted for
comparison. Burst tests at 300°C and 350°C did not
show differences within the experimental uncertainty,
and are plotted together. At a hydrogen level of about
400 ppm, and at 350°C, the archive tubing shows a
uniform circumferential elongation of 5-6% compared
with about 1% elongation in fuel cladding irradiated to
a fast-neutron fluence of 11 -1021 cm"2 ( E > 0.82 MeV).
At the same hydrogen level and temperature, the cor-
responding values for the total plastic circumferential
elongation are -18% and 2.8%, respectively. How-
ever, one should remember that the uniform distribu-
tion of hydrides in the archive tubing specimens is
compared with the non-uniform hydride distribution in
the irradiated FC samples (hydrides accumulated at
the outer cladding wall).

The room temperature (RT) burst test results are
shown in Fig. 11. The difference between irradiated
and non-irradiated specimens containing more than
-400 ppm hydrogen is less pronounced at RT than at
300/350°C.

Comparing the data obtained from archive hydrogen-
charged and irradiated specimens in Figs. 10 and 11,
one concludes that the main contribution to the de-
crease in elongation (ductility) in the irradiated condi-
tion comes from fast-neutron irradiation, whereas the
hydrogen accumulation adds only a little, if any, de-
crease. Nevertheless, a small further decrease in
elongation with increasing hydrogen concentration
can be noticed in the results with irradiated speci-
mens, at least at 300/350°C. However the data are
too scarce to be firm in this conclusion, and unfortu-
nately the low hydrogen range is missing in the irradi-
ated test series, where the steep decrease with in-
creasing hydrogen concentration was found on ar-
chive specimens.

INER: Institute for hJuclear Energy Research
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Fig. 11:Total plastic circumferential elongation of irra-
diated (fast neutron fluence 10-11 -1021 cm"2 ,
E > 0.82 MeV) and archive stress-relieved FC
samples, with various degrees of hydrogen
charging, at RT (1late p-quench, 2RXA).
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Fig. 12: Ultimate hoop strength of archive and irradi-
ated stress-relieved FC samples with various
degrees of hydrogen charging at RT and
300/350°C (1late (3-quench, 2RXA).

Concerning the dependence at room temperature
(Fig. 11), one should remember that data on SRA,
RXA, and late (3-quenched SRA, are mixed in the
irradiated data. Only the total circumferential elonga-
tion can be measured at RT because, in all cases,
specimens ruptured with a long split over nearly the
whole, free-sample length.

In Fig. 12, the burst strength of archive and irradiated
FC specimens investigated in this project are com-
pared. In tests at 350°C, the irradiation causes an
increase in the ultimate hoop strength of nearly 100%
(compared with the unirradiated case). In tests at
room temperature, the neutron irradiation also leads
to an increase in hoop strength, but the difference is
smaller than at 350°C. From these data, an additional
contribution of hydrogen to the hoop strength cannot
be concluded with certainty.

3.3 Fracture Mode

With increasing hydrogen content in the archive ten-
sile test series, the fracture mode at room temperature
changes from ductile (ridges and void coalescence) in
the uncharged specimens to moderate ductile (ex-
tended areas showing quasi-cleavage and an increas-
ing number of microcracks caused by hydrides). With
a magnifying lens it was established that through-wall
fracture occurred ~30°-45° to the load axis up to 600
ppm H, and normal to the load direction at higher hy-
drogen concentration. In contrast to the room tem-
perature series at 300°C, a drastic change in the frac-
ture behaviour occurs only at the 1800-2000 ppm
level of hydrogen.

The fracture mode in tension of the irradiated GT
samples is ductile in all cases, with increasing
amounts of cracked brittle hydrides with increasing
hydrogen content. Because of the many irradiation-
induced obstacles disturbing the development of slip
systems, localized deformation bands (-45° to load
direction), caused by dislocation channelling, can be
observed if some degree of necking accompanies the
final stage of deformation (e.g. [13], see Fig. 13, sam-
ple PGZ3).
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20 urn

Fig. 14:SEM im-
ages of the crack
surface of the
burst openings:
A: at 350°C
P5 (456 ppm H);
B: at RT
P4 (428 ppm H);
neutron fluence:
1022cm"2

(E>0.82 MeV).

PGZ3 PGZ1 PGZ8
5 urn

Fig. 13:Appearance of irradiated GT specimens after
fracture at RT.
Specimens: PGZ3 (-205 ppm H)
PGZ1 (-550 ppm H)
PGZ8 (-1225 ppm H)
(dimensions are not exactly comparable)

It is interesting to note that this behaviour, though to a
much lesser extent, can also be assumed for the
heavily hydrided non-irradiated GT specimens.

In the burst tests on archive samples at room tem-
perature up to -200 ppm hydrogen, the SRA samples
failed in shear, with the shear plane lying at about 45°
to the hoop stress direction. At higher hydrogen con-
centration (the next level investigated beyond the 200
ppm value was already -500 ppm), the crack follows
the radial direction, with some serration up to a certain
depth, and continues with an -45° shear plane. At
350/300°C, at all hydrogen levels, for SRA, late p-
quenched SRA, as well as for RXA FC samples, fail-
ure occurs with -45° shear.

The SEM images taken from the fracture surfaces
after burst testing of irradiated samples reveal mostly
ductile features. At low hydrogen concentration, there
are minor differences between the tests at 350°C and
at room temperature (see Fig. 14). With high hydro-
gen concentration, and at RT, microcracks are visible
(see Fig. 15), but the signs of ductility are still present.

4 DISCUSSION

A comparison of the main burst test results on irradi-
ated samples of this investigation with data from the
literature can be made with the help of the compilation
in Table 1. It is interesting to note that most burst-test
results are published at temperatures > 300°C,
whereas only sparse RT data are available (see Ta-
ble 1). From the literature data given in Table 1, the
hydrogen content is given without further specification
(e.g. average hydrogen content versus local accumu-
lation at the burst opening). Therefore, for comparison
purposes only, the values from this investigation are
taken where local and mean hydrogen content are
about equal.

50 urn

B

Fig. 15: SEM im-
age of the crack
surface of the
burst opening:
tested at RT

- P2 (1300 ppm H);
"* neutron fluence:

1022cm"2

(E>0.82 MeV).

A detailed investigation related to the hydride volume
fraction in the outer third of the cladding, and its influ-
ence on the elongation results, is reported in [16]. This
evaluation was not applied here, but could be included
in a follow-up project. The value used in this investiga-
tion for relating mechanical test results to hydrogen
content was the hydride concentration, determined
from half of the cladding ring containing the crack
opening. The metallography images available at PSI
from PIE3 projects show variations in the densities of
hydrides around the cladding circumference by a fac-
tor of up to 5. Because a hydride volume fraction can
be determined only locally, it is difficult to specify a
value which characterizes the entire specimen. Never-
theless, a comparison between both approaches
should be performed in any follow-up project.

As can be seen from Table 1, our results are compa-
rable with burst tests on the "Arkansas Nuclear One
Unit 2" and "Calvert Cliffs Unit 1" fuel reported in [16].
Also, for Fort Calhoun fuel cladding, 2.15% plastic
TCE at 315°C were published for a specimen with a
hydrogen content of 400 ppm, and a neutron fluence
of 11.6-1021 cm"2 ( E>0.82 MeV ) [12,13], comparable
to our 2.8% (see Table 1).

Higher TCE values in the literature are related to
lower fast neutron fluence levels, and to unknown
hydrogen contents [17,18]. The UCE results of this
investigation are between those published in [16]
(1.49%, 2.11%, 2.11% and 0.77% at 315°C, 387-585
ppm H ) and in [13] ( 0.05% at 315°C, 400 ppm H).

' PIE: post irradiation examination
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Table 1: Comparable results1 of burst testing on irradiated Zircaloy-4 FC samples.

Source

this
report

this
report

[11]ZN

[15] ZN

[16]AN

[16]CC

[13]

[17]

[18]

Fast Neutron
Fluence

(1021 cm"2,
E> 0.82 MeV)

10-11

10-11

-11

15-16

11-12a

11-12a

11.6

~4-6a

6

Test Tem-
perature

[°C]

300/350

RT

315

315

315

315

315

371

350

Hydrogen
Content

[ppm]

-500

428

45-95

120-170

289
320
336

322
387
423
573
595

400

n.a.

n.a.

Ultimate
Hoop

Strength

[MPa]

753

1038

860-1010

860-1010

793

640-680

645

Plastic Circumferential
Elongation [%]

uniform

1.2

0.95
1.23
1.36

2.6
1.49
2.11
2.11
0.77

0.05

2.3

1.8-2.6

total

2.8

0.9

3-3.5

0.8-2.7

1.73
1.47
2.45

3.30
5.04
2.41
2.22
3.16

2.15

3.9

4.7-6.7

engineering values; n.a.: not analysed or announced; AN: Arkansas Nuclear One Unit 2; ZN: Zion;
CC: Calvert Cliffs, Unit 1; a> 1 MeV.

For Fort Calhoun fuel cladding, an ultimate hoop
strength of 793 MPa at 315°C was published for a
specimen with a hydrogen content of 400 ppm,
and a neutron fluence of 11.6-1021 cm"2

( E >0.82 MeV ) [13]. This result should be com-
pared with the the 753 MPa at 500 ppm H meas-
ured at 300°C in this investigation (see Table 1).
Also, the strength values given in [16] are some-
what higher, but the lower test temperature should
be considered.

All the results discussed above were achieved at
strain rates near that used in our investigations:

4 1

The circumferential elongations measured in burst
tests are plastic values. At room temperature, the
Young's modulus was determined in burst tests to
-230 GPa. Using this modulus, the elastic hoop
strain was evaluated to - 0.45% at 1000 MPa,
and a total circumferential elongation at the burst
point could be calculated taking into account the

small (if any) influence of hydrogen on the
Young's modulus found in this investigation. Thus,
the TCE (elastic and plastic) is > 1%, up to a local
hydrogen content of -1000 ppm, even at room
temperature.

5 SUMMARY AND CONCLUSIONS

The objective of this project was to enhance un-
derstanding of the mechanical property changes,
ductility and strength of LWR Zircaloy-4 fuel clad-
ding at high burnups.

Tensile tests on tubing specimens of archive RXA
guide tube material revealed a decrease in total
elongation at RT from 38% to 3% with increase in
H content from -7 ppm to -1700 ppm, at 300°C
from 44% to 15%, in the H range from -7 ppm to
-2000 ppm, and in uniform elongation at RT from
14% to 3%, at 300°C, from 20% to 7.5%, in the
same hydrogen range as above.
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Tensile tests on tubing specimens of irradiated
Ringhals-2 RXA guide tube material, with fast
(E> 0.82 MeV) neutron fluence O (7.7-
8.2-1021 cm"2), revealed a decrease in total elon-
gation at RT from 5% to 1%, with increase in hy-
drogen content from -200 ppm to -1700 ppm, and
at 300°C from 9% to 1.3%, in the hydrogen range
of -190 ppm to -1300 ppm, in uniform elongation
at RT from 3.3% to 1 %, and at 300°C from 3.5%
to 1.3% (practically no difference to room tem-
perature). Thus, the decrease in elongation (duc-
tility) is mainly caused by neutron irradiation, and
there is only a small additional contribution by
increasing hydrogen precipitation.

The tensile strength of irradiated Ringhals-2 RXA
guide tube material increases compared to ar-
chive samples with -600 ppm hydrogen: with re-
spect to the ultimate tensile strength at RT from
-580 MPa to -950 Mpa, and at 300°C from
-280 MPa to -750 MPa, with respect to the 0.2%
yield tensile strength at RT from -400 MPa to
-900 Mpa, and at 300°C from -180 MPa to
-680 MPa. There is nearly no influence of hydro-
gen on tensile strength.

In burst tests on archive samples, the highest
values of total plastic circumferential elongation
were found on as-received RXA (56% [300°C],
28% [RT]), followed by late (3-quenched SRA
(41% [350°C], 23% [RT]) and SRA (24% [350°C],
17% [RT]) claddings. The same sequence is valid
for the uniform circumferential elongation up to
600-800 ppm hydrogen content.

The total circumferential elongation measured in
burst tests on irradiated FC specimens (Gosgen
rods) is about 3% at 300°C and -500 ppm H, and
changes little with further increase in hydrogen
content (-2% at -900 ppm H). At RT, TCE was
found slightly above 1% at -450 ppm H, and - 1 %
at -1300 ppm H (local hydrogen near fracture).
This means a decrease of the total plastic circum-
ferential elongation by fast neutron irradiation at
-500 ppm H from 18% to 2.8% at 300/350°C, and
from 2.7% to 0.9% at RT (compared to the SRA
initial condition to which most samples belong).
The data show that the decrease in ductility is
mainly caused by neutron irradiation, and that the
additional contribution by hydrogen in the cladding
is relatively small.

The hoop strength of fuel rods irradiated in Gos-
gen increases compared to SRA archive speci-
mens at -500 ppm hydrogen: at RT from
-780 MPa to -1040 Mpa, and at 350°C from -430
MPa to -730 MPa, and the 0.2% yield hoop
strength at 350°C from -330 MPa to -690 MPa.
From these data, an additional contribution of
hydrogen to the hoop strength cannot be con-
cluded with certainty.

The remaining ductility of irradiated fuel rods (neu-
tron fluence O: 10-11-1021 cm"2, E> 0.82 MeV) can

be characterized as follows: at operating tem-
peratures, and up to about 1000 ppm hydrogen,
the total plastic circumferential elongation is still
about 2% and higher, the uniform elongation
> 1%; at RT, the total plastic circumferential elon-
gation is slightly below 1%, but the total elonga-
tion (plastic and elastic) which the cladding can
withstand is about 1% and higher, up to hydrogen
levels of -1000 ppm.

ACKNOWLEDGMENTS

The authors would like to thank R. Brutsch for
SEM investigations, Z. Kopajtic and M. Steine-
mann for hydrogen determinations, M. Gehringer
and M. Sauder for metallography, H.-P. Under,
H. Schweikert and R. Zumsteg for sample prepa-
ration hotcell work, and G. Bart, R. Buhner,
D. Gavillet and F. Groschel for general support
and valuable discussions. We are also indebted to
B. Cox (University of Toronto) for suggestions in
the interpretation of results.

REFERENCES

[1] H.H. Burton, "Hydrogen Effects on Zircaloy-2
Tensile Properties", HW-61077 (1959).

[2] D.G. Hardy, "The Effect of Neutron Irradiation
on the Mechanical Properties of Zirconium
Alloy Fuel Cladding in Uniaxial and Biaxial
Tests", ASTM STP 484, 215 (1970).

[3] C.J. Baroch, "Effect of Irradiation at 130, 650,
and 775°F on Tensile Properties of Zircaloy-4
at 70, 650, and 775°F", ASTM STP, 570, 129
(1976).

[4] J. Bai, C. Prioul, S. Lansiart, D. Francois,
"Brittle Fracture Induced by Hydrides in Zir-
caloy-4", Scripta Metall. Mater., 25, 2559
(1991).

[5] J.-H. Huang, S.-P. Huang, "Effect of Hydro-
gen Contents on the Mechanical Properties
of Zircaloy-4", J. Nucl. Mater., 208, 166
(1994).

[6] G.W. Parry, W. Evans, "Occurrence of Duc-
tile Hydrides in Zircaloy-2", Nucleonics, 22,
65(1964).

[7] J.-H. Huang, S.-P. Huang, C.-S. Ho, "The
Ductile-Brittle Transition of a Zirconium Alloy
due to Hydrogen", Scripta Metall. Mater., 28,
1537(1993).

[8] A.A. Bauer, L.M. Lowry, "Tensile Properties
and Annealing Characteristics of H. B. Rob-
inson Spent Fuel Cladding", Nuclear Tech-
nology, 41, 359 (1978).

[9] M.G. Belfour, E. Roberts, E. DeQuidt,
P. Blanc, "Zorita Research and Development
Program: Final Report", WCAP-10180, Vol.
1, September 1982.



103

[10] M.G. Belfour, W.R. Smalley, W.R. Kuszyk,
P.A. Pritchett, "Hot Cell Examination of Zion
Fuel - Cycles 1 Through 4", EP80-16, April
1985.

[11] A.M. Garde, "Hot Cell Examination of Ex-
tended Burnup Fuel from Fort Calhoun",
DOE/ET/34030-11 (1986).

[12] A.M. Garde, "Effects of Irradiation and Hy-
driding on the Mechanical Properties of Zir-
caloy-4 at High Fluence", ASTM STP, 1023,
548(1989).

[13] W. Evans, G.W. Parry, "The Deformation
Behavior of Zircaloy-2 Containing Direction-
ally Oriented Zirconium Hydride Precipitates",
Electrochemical Technology, 4, 225 (1966).

[14] U.P. Nayak, H. Kunishi, W.R. Smalley, "Hot
Cell Examination of Zion Fuel Cycle 5",
EP80-16, June 1985.

[15] A.M. Garde, G.P. Smith, R.C. Pirek, "Effects
of Hydride Precipitate Localization and Neu-
tron Fluence on the Ductility of Irradiated Zir-
caloy-4", ASTM STP, 1295, 407 (1996).

[16] L.M. Lowry, A.J. Markworth, J.S. Perrin, M.P.
Landow, "Evaluating Strength and Ductility of
IrradiatedZircaloy", BMI-2066, Vol. 1 (1981).

[17] F. Garzarolli, R. Manzel, H. Schonfeld,
E. Steinberg, "Influence of Final Annealing on
Mechanical Properties of Zircaloy before and
after Irradiation", Transactions of 6th SMIRT,
Paris, August 17-21, 1981, Paper C2/1.



105

STRESS CORROSION CRACKING BEHAVIOUR OF LOW ALLOY STEELS IN HIGH
TEMPERATURE WATER: DESCRIPTION AND RESULTS FROM MODELLING

B. Tirbonod

The initiation and growth of a crack by stress and corrosion in the low alloy steels used for the pressure
vessels of Boiling Water Reactors may affect the availability and safety of the plant. This paper presents a
new model for stress corrosion cracking of the low alloy steels in high temperature water. The model,
based on observations, assumes the crack growth mechanism to be based on an anodic dissolution and
cleavage. The main results deal with the position of the dissolution cell found at the crack tip, and with the
identification of the parameters sensitive to crack growth, among which are the electrolyte composition
and the cleavage length. The model is conservative, in qualitative agreement with measurements con-
ducted at PSI, and may be extended to other metal-environment systems.

1 INTRODUCTION

Stress corrosion cracking is the initiation and growth
of a crack under the simultaneous synergetic effects
of an approximately constant tensile stress and a
chemically active environment in a susceptible mate-
rial.

The phenomenon is observed in metals covered by a
passivating oxide film, which protects the metal from
further corrosion. It can be briefly explained as follows
for the case of a crack growth by anodic dissolution,
one of the mechanisms considered in this work. A
local rupture of the film by stress generates a potential
drop between the local bare surface of the metal and
the passivated metal. The current generated gives
rise to the dissolution of the bare metal, resulting in
crack initiation or growth. The return of the metal to its
original state, due to growth of the film by electro-
chemical reactions, arrests the dissolution till the next
film rupture.

The occurrence of stress corrosion cracking requires
a critical stress or strain for rupture of the film, which
is environment dependent, and a value of the potential
at the surface of the metal in the range of values
where the film is unstable, to allow the anodic dissolu-
tion and repassivation. This phenomenon has the
potential to be observed in a broad range of metal-
environment systems.

The main characteristics of stress corrosion cracking
include the value of the critical stress, which can be
smaller than the yield stress, the uncertainty about the
identification of the parameters for a given metal-
environment system, the sensitivity to slight changes
in the values of the parameters (which can remain out
of control, and result in crack initiation or growth at
any time during the life of the component), and the
difficulty of detection for crack lengths smaller than a
few millimetres. These facts make stress corrosion
cracking potentially dangerous for a structure.

The critical parameters are the local residual and ex-
ternal stresses, the local composition of the metal,
and the environment. The mechanisms differ accord-
ing to the metal-environment system, even if they are
similar from a macroscopic point of view.

For nuclear reactor technology, the behaviour of the
low alloy steels in high temperature water is of interest

because these steels are the base material of the
reactor pressure vessel. It is important to know
whether stress corrosion cracking can occur in these
materials, after eventual cracking of the cladding of
the pressure vessel, and to identify the conditions for
crack growth, since these issues are relevant to the
safety of the plant (failure of the vessel resulting in a
major accident), and to the availability and life-time
extension (the vessel is the only component which
cannot be replaced). Experiments have shown a large
scattering of results: five orders of magnitude for the
crack growth rate, and related model uncertainties [1].

Although relevant parameters for the phenomenon
can be identified, there is no assurance that all the
critical parameters have been recognized.

The present paper summarizes the theoretical work
conducted in the framework of the PSI/HSK project
"SpRK von Stahlen fur Reaktor-Komponenten in He-
isswasser" [1,2]. The goal of this work is to identify the
critical parameters of stress corrosion cracking behav-
iour of low alloy steels in high temperature water, by
considering the phenomena in the region of the crack
tip using a phenomenological model.

The paper includes descriptions of the stress corro-
sion cracking models cited in the literature for the
cases of low alloy steels in high temperature water,
the assumption of a crack growth mechanism, and the
new models developed at PSI for calculating crack
growth. Finally, the results are presented and dis-
cussed.

2 DESCRIPTIONS OF STRESS CORROSION
CRACKING IN LOW ALLOY STEELS AND
MODELS FROM THE LITERATURE

The water in the pressure vessel of a Boiling Water
Reactor is characterised by the presence of dissolved
species, such as oxygen, hydrogen peroxide, hydro-
gen (due to radiolysis), and impurities [3]. Tests con-
ducted with pre-cracked specimens in an electrolyte
simulating this water (in terms of composition, tem-
perature and pressure) have shown that the critical
species for stress corrosion cracking in low alloy
steels in high temperature water are the oxidising
species (dissolved oxygen, hydrogen peroxide), which
control the value of the electrochemical corrosion
potential, sulphate ions, and sulphur compounds gen-
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erated by the dissolution of manganese sulphide in-
clusions of the metal in the region of the crack tip [1].

Two descriptions of stress corrosion cracking have
been proposed for these steels in the literature (Fig. 1,
[4,5]). Both assume for the crack growth mechanism
an anodic dissolution initiated by the rupture of the
oxide film.

The first description (Fig. 1b, [4]) assumes that the
dissolved oxygen is reduced in a differential aeration
cell in the region of the crack mouth. This results in an
electrolyte free of oxygen at the crack tip, due to the
fact that for oxygen the reduction rate overcomes the
diffusion rate along the crack. This results in an elec-
trochemical potential gradient developing along the
crack. The consequence is an enrichment of ions
developing in the region of the crack tip, by migration
in the potential gradient, and by diffusion. The dissolu-
tion cell is situated in the region of the crack tip. The
anodic reaction of the dissolution cell is the oxidation
of Fe, and the cathodic reaction is the reduction of H+

resulting from the dissociation of H2O.

The second (Fig. 1a, [5]) assumes that the dissolution
cell occupies the whole crack, with as anodic reaction
the oxidation of Fe at the crack tip, and as cathodic
reaction the reduction of oxygen on the crack surface
exterior to the crack itself.

A quantitative model calculating the crack growth rate
has been proposed for each description.

The PLEDGE model [6], proposed for the first descrip-
tion, is of semi-empirical nature, directly derived from
experiments. This model calculates the crack growth
rate as a function of the stress intensity factor, and of
other measurable parameters, for direct application to
practical cases.

The Coupled Environment Fracture Model [6], pro-
posed for the second description, is of a phenomenol-
ogical nature. The model uses the transport and po-
tential equations, together with charge conservation,
allowing the calculation of the water chemistry along
the crack for the composition of the electrolyte as-
sumed at the crack mouth. The model calculates the
crack growth rate as a function of the stress intensity
factor, and of the composition of the water at the crack
mouth.

These models exhibit uncertainties, or questionable
assumptions [2]. Both use a relationship between the
stress intensity factor and the strain rate at the crack
tip for which no support by finite element calculation
exists, and there is only one mechanism for the crack
growth. The semi-empirical character of the PLEDGE
model provides only empirical information on the
mechanisms by which the parameters act upon the
crack growth. The Coupled Environment Fracture
Model exhibits uncertainties for the assumption about
the position of the cathode, and of its area, and does
not consider that the potential and the concentrations
constitute implicit functions for the solution of the
equations. For these reasons, these models have not
been used in the present work.
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Fig. 1: Description of stress corrosion cracking: (a)
by the Coupled Environment Fracture Model
and (b) by the PLEDGE model.

3 MODELS DEVELOPED AT PSI

3.1 Assumption of a Crack Growth Mechanism

A literature review for metals [2,7] has shown that
there are no common crack-growth mechanisms for
stress corrosion cracking at the microscopic level, and
that modelling should be based on observations of the
particular metal/environment system. For the case of
low alloy steels in high temperature water, the on-
going oxidation during the test destroys the original
micrographic structure, impeding, for these steels, the
direct identification of the mechanism from analysis of
the crack surface [1]. Therefore, for these steels, an
assumption must be made for the crack growth
mechanism.

The low potential and the presence of an oxide layer
of magnetite on the crack surface (characteristic of a
low content of dissolved oxygen in the water at
288°C), the large sensitivity of the crack growth to the
content of sulphur compounds in the water (character-
istic of an active repassivation), the necessity of a
relevant plastic yielding, and the existence of a critical
strain for the initiation of the stress corrosion cracking,
all support the following hypothesis for the crack
growth mechanism [1,2]:

The oxide film covering the metal is locally ruptured at
the crack tip due to the large strains present in this
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region. This generates a local bare surface of the
metal and the anodic dissolution. Simultaneously, the
oxide film nucleates and grows, which decreases the
dissolution current; the dissolution is arrested when
the film has reached a critical thickness. A cleavage is
then generated in the region of the dissolution cavity,
and coalesces with it (Fig. 2). This cleavage repre-
sents all the other phenomena having potential to
contribute to the crack growth.

3.2 Structure of the Model

The description of stress corrosion cracking which will
be chosen for modelling will be that assuming a differ-
ential aeration cell at the crack mouth, and the disso-
lution cell in the region of the crack tip (Fig. 2). There
is experimental support for this representation.

Table 1 : Equations for the crack growth.

Differential
Aeration Cell Dissolution Cell

XT.
0 2 OH H2 H

— Na*, S O f Electrolyte

O, OH" H, H* H* Fe2*

Species transport Creep Repassivation

Anodic dissolution Cleavage

Fig. 2: Phenomena assumed to be involved in stress
corrosion cracking of low-alloy steels in high
temperature water.

The above-mentioned crack growth mechanism can
be described in partial models, each representing a
particular phenomenon (Fig. 2 and Fig. 5).

The first (partial) model calculates the number of film
ruptures, and the strain at the crack tip, for a given
value of the stress intensity factor. These parameters
govern the crack growth (there is no crack growth if
there is no film rupture). The second calculates the
crack growth length by dissolution for a given film
rupture event by taking into account the effect of the
nucleation and growth of the oxide film on the dissolu-
tion current density, in close connection with the
composition of the electrolyte. The cleavage length
and the composition of the electrolyte at the crack tip
will be considered as parameters [2].

The equations for the number of film ruptures, to-
gether with those for the crack growth length by disso-
lution, determine the equations for the crack growth
for the mechanism of stress corrosion cracking as-
sumed here, and for an assumed value of the cleav-
age length (Table 1).

Number of film ruptures

Time interval Tf . between two film ruptures at times

*f,i =ti+-tt

Recursive calculation of ti:

Number of film ruptures N(At)
within time At:
N(At)= max (i)

Abbreviations:

£ct- crack tip strain, ef - strain to film rupture

Crack growth by dissolution
Dissolution propagation length ad per film rupture
event:

ad=- )iddt

Dissolution current density id :

0 < t < t0

0
to<t<Tp

t>t..

Dissolution time T , :

\Tf 0<t<tp

Abbreviations:

MFe, pFe = atomic mass and density of iron

n - stoichiometric number of electrons
F = Faraday number
t = time

id0= maximum value of the dissolution current den-

sity

t0 = film nucleation time, p - exponent

Tp - repassivation time

Crack growth
N(At)

Abbreviations:

a = crack growth length, a0 = initial crack length,

ac = cleavage length

adi = dissolution propagation length at film rupture

number i
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3.3 Model for the Number of Film Ruptures

The number of film ruptures within a given time inter-
val will depend on the time interval between two suc-
cessive film ruptures Tf. The equations for calculating
Tf as a function of time are given in Table 1; the pa-
rameters are the strain at the crack tip ect(t) and the
critical strain for the film rupture £ f.

The strain at the crack tip is directly derived from the
Crack Tip Opening Displacement [2]. This has been
calculated as a function of time for a pre-cracked C(T)
specimen (thickness 25 mm) made from low alloy
steel at 288°C, and for a loading which includes a
dynamic phase (to bring the load to a specific value),
and a static phase at this load [9]. The calculations
used the model of Chaboche for the constitutive law of
the metal, and employ the finite element method for
the solution. The phase considered for the model will
be the static phase, for which the strain exhibits a low
temperature or logarithmic behaviour for the 30 years
considered. The calculations have been made with
the assumption of small-scale yielding to allow trans-
fer of the results to the components. This assumption
is fulfilled for the specimen loaded at a stress intensity
factor of 30 MPam1/2, and for a crack-growth length
not exceeding about 5 mm [2,9]. The effect of the
crack-growth length on the strain has not been con-
sidered for these calculations.

3.4 Model for the Dissolution Propagation Length

3.4.1 Model for the Film Nucleation and Growth

The dissolution propagation length per film rupture
event (dissolution propagation length), ad, will be cal-
culated from the dissolution current density id using
Faraday's law (Table 1). The dissolution current den-
sity must include the initiation and growth of the oxide
film. This is done using an empirical equation derived
from experiments for the dissolution current [6]. The
kinetics of the film include a nucleation phase, charac-
terised by the film nucleation time t0, for which the
dissolution current density id remains at its maximum
value id0, a growth phase (or repassivation), for which
id decreases with a rate given by an exponent, de-
noted by p, and the arrest of the dissolution (full re-
passivation), for which id will be assumed to be zero.
The parameters t0 and p are environment dependent.
In the model, the value of t0 will be assumed to be
constant, and that of p to depend only on the sulphate
concentration.

3.4.2 Calculation of id,0

A new model had to be developed to calculate id|0.
The reason is that the models from the literature for
calculating the dissolution current are not reliable
since they do not consider charge conservation [2].

Charge conservation is related to the areas of the
anode and cathode, implying the need to consider
three dimensions for the dissolution cell for proper
representation. At present, the only way to do this is to
assume the electrolyte to be homogeneous in the
dissolution cell; i.e., species transport will not be con-
sidered in this cell [2].

Locally separated cathodic and
anodic reactions:

H" . OH . Fe-+. NO,
Na . SO ;<

Cathode
2H- + 2e" > H^

Local galvanic cell

Fig. 3: Outline of the dissolution cell.

This assumption, which provides a maximum case for
the dissolution propagation length, is conservative [2].
Note that the dissolution current density is propor-
tional to the cathode to anode area ratio Ac/Aa for a
given value of the cathodic current density (Table 2).
This parameter explicitly appears in the charge con-
centration.

The three-dimensional dissolution cell (Fig. 3) is as-
sumed to lie in the region of the crack tip, with the
anode over the tip itself, and two squared cathodes,
each situated on a particular side of the crack. The
height of the cell is the Crack Tip Opening Displace-
ment.

The metal embedding the crack is assumed to be
pure iron, which simulates the low alloy steel for the
anodic dissolution. The electrolyte includes water and
the ions H+, OH", Fe2+, NO3", Na+, SO4

2" resulting from
the dissociation of H2O, Fe(NO3)2 and of Na2SO4,
respectively. The anodic reaction is the oxidation of
Fe, and the cathodic reaction the reduction of H+ (Fig.
3). The concentrations of the Fe2+ and H+ ions deter-
mine the voltage source for the dissolution. The sul-
phate ions act upon the repassivation kinetics, while
the nitrate ions remain neutral [4,8]. The sulphate ions
represent those provided by the electrolyte outside the
crack by transport, as well as the sulphur compounds
resulting from the dissolution of the manganese sul-
phides.

The electrolyte is assumed to be dilute, of constant
composition, chemically neutral, electroneutral, ho-
mogeneous, at constant temperature, and at rest. The
Fe2+ and H+ ions produced and consumed, respec-
tively, at the electrodes will not be considered. The
equations are given in Table 2. The model uses the
charge conservation, Ohm's law, and the Butler-
Volmer law.
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Table 2: Equations for the dissolution cell. 10-4

Charge conservation:

/o+/c=0

h = KK
h = KK
Ohm's law:

Butler-Volmer law:

/ = / 0 A e x p ^
V V Pa

Nernst law:

l (
1 - exp| -

nF

Abbreviations:
R - perfect gas constant
T - temperature
C - concentration of Fe2+ or H+

/ = current1

/ = current density1, io= exchange current density1'2

A = electrode area1

(/)- potential1, 0O = equilibrium potential1'2

<p° = standard potential1 at temperature T

Re = electrolyte resistance

/3a - Tafel coefficient of the partial anodic reaction1'3

J3C = Tafel coefficient of the partial cathodic reaction1'3

Ohm's law connects the current to the potential
through the resistance of the electrolyte. The Butler-
Volmer law [8] connects, for a given electrode, the
current to the potential through the polarisation resis-
tance of the electrode. For this latter law, the relevant
variable is the exchange current density, which ex-
presses the charge transfer rate at equilibrium [8]. The
equilibrium potential of a given electrode is given by
the Nernst law, assumed to depend only on the con-
centration of the species reacting at the electrode.
The resistance of the electrolyte is numerically calcu-
lated by assuming straight current lines in the cell for
a given conductivity of the electrolyte [2].

The anodic and cathodic potentials, as well as the
dissolution current, are numerically determined for
given values of the parameters (Fig. 4).

Subscript "a" (anodic) or "c" (cathodic) is omitted

pH25°c = 7
Iron ion concentration = 0.1 ppb
Cathode area = 35 urn2

Anode area = 0.0029 fim2

Cell height = 2.2 jim
Electrolyte conductivity (25°C) = 27.6 jiS/cm
Temperature = 288°C, t0 = 0.2 s, TP = 10* s
VW-/F,] = -0.469 V
•Wov

ELECTRODE POTENTIAL [V]

' ia,0, ic,0, Oi 't'c.O

' P a,a, P a,c lP c,a, P

Fig. 4: Determination of the anodic and cathodic
potentials and the dissolution current ld.

It appears that the equilibrium potentials determine,
from their difference, the voltage source for the disso-
lution, which will depend thereby on the concentra-
tions of the reacting species. The values of the anodic
potential are found in the instability region of the oxide
film, made from magnetite for the potential (-0.75 V,
[2]), in agreement with one feature of the stress corro-
sion cracking mechanism.

3.7 Crack Growth in Connection with Strain and
Corrosion

The equations of the crack growth (Table 1) show that
the process is governed solely by the strain at the
crack tip; the corrosion acts only on the amplitude of
the dissolution propagation length ad.

The amplitude of the crack growth results from two
contributions: the strain at the crack tip, for a given
value of the strain to film rupture ef, by the number of
film ruptures, the corrosion, by the values of ad, and
the cleavage length ac (Tables 1 and 2). The value of
ad depends on the strain at the crack tip, on £f, and on
the value of the time interval between two film rup-
tures. For this reason, there will generally be no corre-
lation between the crack growth and the strain at the
crack tip.

With this description, there are no synergetic effects
between crack growth and corrosion, effects which
can result in a delayed and unstable growth of the
crack [2].

Figure 5 schematically shows, as functions of time,
the load applied to the pre-cracked specimen, the
resulting strain at the crack tip, the times of occur-
rence of the film ruptures (for a constant value of the
strain to film rupture), the dissolution current, and the
crack growth length induced by the anodic dissolution
and cleavage. One notes that the kinetics of the crack
growth depend strongly on the time interval between
two film ruptures Tf, in relation to the film nucleation
time t0 and to the repassivation time TP.
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Oxide film
rapture

Fig. 5: Load versus time and resulting strain at the
crack tip, oxide film rupture events, dissolution
current, and crack growth length.

4 RESULTS

4.1 Values of the Parameters

The main parameters of the model for electrochemis-
try are the concentrations of iron and sulphate ions,
and the exchange current densities [2]. The values of
these parameters will be chosen to provide extreme
cases for the crack growth, while still remaining realis-
tic [2]. The concentrations will be 0.1 ppb for Fe2+, and
in the range from 1 to 105 ppb for the sulphate ions.
The value of t0 is 0.2s [2]. The value of p varies be-
tween 1 and 0.4 for sulphate concentrations in the
range 10 to 104 ppb, and remains constant outside
this interval at the latter value (Fig. 6, [2]). The repas-
sivation time is chosen to be conservative (104 s). The
electrical conductivity of the electrolyte increases line-
arly with the concentrations [8]. For the crack growth,
in relation to the film ruptures, the main parameter is
the strain-to-film rupture £f, which will take the mini-
mum value from the literature (of the order of 10"3).
This corresponds to the emergence of the order of 102

dislocations by creep, this number determining also
the anode height (0.029 urn). With an anode width of
0.1 urn (dislocation mean length in steel), the anode
area is 0.0029 urn2. The cathode length or area is
unknown, and the value should be determined for
given values of the parameters (see later).

A requirement for consistent application of the model
is that the cathode length is in excess of the cell
height. For a stress intensity factor of 30 MParn172 ,
the cell height is 2.2 um [9], which will be the lower
bound for the cathode length, with corresponding val-
ues of about 4.8 um2 for the cathode area, and of
about 1670 for the cathode to anode area ratio. The
consequence will be a significant reduction for the
values of the anodic and cathodic exchange current
densities ia0 and ic0, respectively, which can be con-
sidered here. These values will be at maximum 10"1

A/m2 [2], which is relatively small compared with the
maximum value of 104 A/m2 from the literature (range
of possible values: 10"8 to 104 A/m2, [8]).

o
Q_
X
UJ

.0

10° 101 102 103 104

SULPHATE CONCENTRATION [ppb]

Fig. 6: Value of p versus sulphate concentration.

The cleavage length will take the values of 0, 1, and
10 urn, this last value being taken from microgra-
phy [1].

A threshold value of 10~3 um will be assumed for the
dissolution propagation length for consideration of
crack growth related to a given film rupture (crack
growth event). This comes from the fact that this
length cannot be smaller than an inter-atomic dis-
tance, and must overcome a threshold value for acti-
vating a second crack growth mechanism such as
cleavage.

4.2 Dissolution Cell

Figure 7 shows that, for a given anode area, ad in-
creases as a function of the cathode length to reach a
maximum, and then decreases at higher values. The
increasing phase is due to the effect of the cathode to
anode area ratio, and the decreasing phase to the
ohmic resistance in the electrolyte due to the increas-
ing dimensions of the cell. The position of the maxi-
mum depends on the values of the parameters [2], as
shown in Fig. 7 for the case of the cathodic exchange
current density ic0 for the maximum value of the an-
odic exchange current density ia0. This Figure also
shows the dependence of ad on ic0, which decreases
by a factor of roughly 10 for a decrease of ic0 by a
factor 105. When the values of the exchange current
densities are equal, this factor is much larger (about
104,[2]).

The value of the cathode length providing the maxi-
mum of ad will be the estimate of the cathode length of
the dissolution cell for the given values of the parame-
ters. This length does not exceed about 300 um, the
larger values being found at low exchange current
densities [2]. This shows that the dissolution cell is
situated in the region of the crack tip for a long crack,
a major result of the model.

Figure 8 shows the dependence of ad on the conduc-
tivity of the electrolyte at the crack tip for two different
electrolytes. The first is predominant for sulphate ions,
while the second includes sulphate ions (at given con-
centrations) as well as iron and nitrate ions.
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PH2B°C = 7
Iron ion concentration = 0.1 ppb
Sulphate ion concentration = 104 ppb
Electrolyte conductivity (25°C) = 27.6 uS/cm
Cathode width = cathode length
Anode width = 0.1 um
Anode height = 0.029 um
Cell height = 2.2 um
Temperature = 288°C
p = 0.4, to = 0.2 s, Tp = 104s

l.,o = 1O"1 A/m2

l=.o:

(1) 10-1 A/m2

(2)10-2A/m2

(3)10-4A/m2

(4) 10* A/m2

(1)
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CATHODE LENGTH [um]

10"

Fig. 7: Dissolution propagation length versus cathode
length.

For the first electrolyte, ad increases as a function of
the conductivity. The rate increase for sulphate con-
centrations in the range from 10 to 104 ppb, for which
the kinetics of the oxide film growth, or the value of
the exponent p, varies; this is in agreement with ex-
periments. The effect of the repassivation on the value
of ad for a given conductivity can be estimated by
comparing the value with that obtained by assuming
for p the value 0.4 (obtained for the sulphate concen-
tration of 10 ppb) for all the sulphate concentrations.
For this value, the repassivation rate is the largest;
i.e., the value of ad is the smallest. One sees that the
effect of the repassivation is to increase ad by a factor
up to about 10 at a given conductivity.

For the second electrolyte, ad decreases as a function
of conductivity for increasing concentrations of the
Fe2+ and NO3" ions. This is due to the fact that
increasing Fe2+ concentration increases the value of
the anodic equilibrium potential <t>a0, the equilibrium
cathodic potential Oc0, given by the H+ concentration,
remaining constant. This results in a decreasing value
of the voltage source Oc0 - Oa,o available for the disso-
lution and, consequently, the same for ad.

This latter result means that the crack growth can be
slowed down at increasing conductivity, which has
been observed (though for simultaneous increase of
the pH [4]), or arrested, if the value of ad does not
exceed the threshold value.

These results show that the decisive parameter for
anodic dissolution is the composition of the electro-
lyte, not the conductivity. The composition determines
the voltage source, the conductivity, and the repas-
sivation. The effect of the voltage source overcomes
those of the conductivity and repassivation if its value
becomes small. If this occurs, the crack growth will be
slowed down, or arrested, whatever the value of the
conductivity. This result is a consequence of the as-
sumption of homogeneity of the electrolyte, and can
be used for testing the assumption.

105

104

103

1O2

pH (25°C) = 7
Cell height = 2.2 urn
Anode width =0.1 urn
Anode height = 0.029 um
Temperature = 288°C
t0 = 0.2 s, xp = 10 4 s
i a 0 = i o 0 = 1 0 z A / m 2

Na2SO4

(1) Cso.!- = 1 - 10B ppb, CFe=. = 0.1 ppb
(2) CSo4=- = 1 - 10B ppb, CFeJ. = 0.1 ppb, p = 1

Fe(NO3)2

(3) C s o < . = 10' ppb,
2

= 0.1 - 1 . 6 ppb
= 0.1 - 87 ppb
= 0.1 - 1659 ppb
= 0.1 - 4168 ppb
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(5) C s o < . = 103 ppb,
(6) C s o < . = 104 ppb,
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Fig. 8: Dissolution propagation length versus conduc-
tivity for two electrolytes of different composi-
tions.

4.3 Crack Growth

Figure 9 shows that the crack growth length mono-
tonically increases as a function of time for any value
of the sulphate concentration, and for any cleavage
length. The effect of repassivation can be seen by
comparing the form of the curve obtained for the sul-
phate concentrations of 105 ppb at zero value of the
cleavage length with the forms of the other curves.

For any value of the sulphate concentration, and for
any cleavage length, the crack growth does not ex-
ceed a few millimetres [2], which fulfils the assumption
of small-scale yielding for the relatively small value of
the exchange current densities i0 considered here.
One notes that the same value of the crack growth
can result from a large value of the sulphate concen-
tration with a small value of the cleavage length, and
vice versa. This means that a small value of the con-
ductivity does not imply a small value of the crack
growth. One also notes that the crack growth can be
delayed.

The delay can amount, for very low values of i0, to
about 1.6-105 s (44 hours). This is due to the contribu-
tion of time to the value of ad when the contributions of
the other parameters are too small to allow ad to over-
come the threshold value of 10"3 urn for initiating the
crack growth at a film rupture [2].

4.4 Comparison with Experiments

Measurements [1] have shown no crack growth for the
case of K| = 30 MPam/2, even with an aggressive
electrolyte outside the crack (for the given oxygen
content), and for a conductivity of 0.5 uS/cm (corre-
sponding to 165 ppb of sulphate ions). This result
confirms the conservative character of the model for
stress corrosion cracking if extreme cases are as-
sumed.
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Fig. 9: Calculated crack growth length versus time.

The first measurement considered has been obtained
for a specimen made from a low alloy steel in water at
288°C containing 8000 ppb of oxygen and 65 ppb of
sulphate ions (Fig. 10, [1]). These two latter values
lead us to expect a value of roughly 1600 ppb for the
sulphate concentration at the crack tip [4]; the value of
K| was 60 MParrT72. The crack growth length has been
measured by the reversed direct current potential drop
method.

The calculated values of the crack growth length are
in qualitative agreement with those measured (Fig. 10,
[2]). Several sets of values for the sulphate concentra-
tion, exchange current densities, and cleavage length,
could be considered, the agreement being improved
when the cleavage contributes to the crack growth.

The other measurements considered will be those
obtained by Rising Displacement Tests, conducted up
to a maximum value of 61 MPam/2 for K|, with an
electrolyte containing oxygen (8000 ppb) and sulphate
ions (65 ppb, [1]). These measurements show that the
crack growth rate depends only on the Crack Opening
Displacement Rate; i.e., on the crack-tip strain rate.
Therefore, they can be interpreted with the present
model.

Figure 11 shows the measured points together with
those calculated by assuming for the cell height the
constant value of about 9.1 urn (k,= 60 MPam [9]),
and for a sulphate concentration at the crack tip of
1600 ppb. For several values of the strain to film rup-
ture, cleavage length and exchange current densities,
there is good agreement. All give for the strain to film
rupture a value of the order of 10"3, and a non-zero
value for the cleavage length [2].

These results qualitatively support the model, and
confirm that an additional mechanism to the anodic
dissolution should be considered for the crack growth.

I 100"
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Low alloy steel
K,: 61 MPam1'2

Oxygen concentration (bulk): 8000 ppb
Sulphate concentration (bulk): 65 ppb
Electrolyte conductivity (bulk) at 25°C: 0.25 uS/cm
Temperature = 288°C

Estimated sulphate concentration
at the crack tip: 1600 ppb

: measured
• • • • : calculated (a0 = 0.00 urn, i0 = 3.98 A/mz)

: calculated (ac = 0.15 urn, i0 = 0.565 A/m2)
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Fig. 10: Qualitative comparison of the crack growth
length calculated from the model with that
measured [1,2].
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Fig. 11: Crack growth rate versus crack tip strain rate
obtained by Rising Displacement Tests (=,
[1]), and by the present model (•, [2]).

5 DISCUSSION AND CONCLUSIONS

The present model calculates the crack growth as a
function of time for the case of small-scale yielding,
the main parameter being the composition of the elec-
trolyte at the crack tip. The assumption of homogene-
ity of the electrolyte provides a maximum case for the
crack growth.

In spite of its relative simplicity, and of its assumptions
and limitations, the following new, and non-trivial,
results could be obtained using the model.
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5.1 Main Results of the Model

(a) The critical parameters for crack growth include
the values of the exchange current densities, the com-
position of the electrolyte at the crack tip, the strain to
film rupture for a given strain at the crack tip as a
function of time [2], and the cleavage length. Although
these results could be derived from a qualitative
analysis of the model, the model has provided a
quantitative evaluation of their impact on the crack
growth, which can be complex, and partly explains the
scattering of the experimental results.

(b) The major result of the model is that the dissolu-
tion cell is situated in the region of the crack tip. Its
extension along the crack does not exceed a few hun-
dred micrometers, depending on the sulphate
concentration and the exchange current densities.

This result is consistent with the description of stress
corrosion cracking assumed here, which is based on
experiments. It does not support the assumption of a
pre-defined length for the dissolution cell (the crack
length), as in models from the literature for dissolution
[2] or stress corrosion cracking [5]. The cathode
length must be determined by the model itself, and
depends on the parameters of the model.

The model can be applied for all cracks of length in
excess of a few hundred micrometers (which excludes
application to corrosion pits). For these cracks, the
dissolution cell will be electrically disconnected from
the differential aeration cell present in the region of
the crack mouth. This justifies the assumption of the

reduction of H+ in the cathodic reaction for the case of
low alloy steels in high temperature water. However,
the dissolution cell remains chemically coupled to the
electrolyte external to the crack by the migration in-
duced by the differential aeration cell, and by diffu-
sion.

(c) Another important result of the model is the effect
of the composition of the electrolyte, which can lead to
drastic crack growth, according to the species pre-
sent. Two different effects have been found.

The first deals with the species which delay repassiva-
tion at increasing concentrations (sulphate ions here),
which increases the dissolution rate at a given time. It
appears that the effect of the repassivation can drasti-
cally overcome that of the conductivity for the dissolu-
tion propagation length by up to a factor 102. The sec-
ond deals with the species determining the values of
the anodic and cathodic equilibrium potentials; i.e., of
the voltage source. This effect is closely connected to
the concentrations of the species at the electrode,
where they electrochemically react. If the value of the
voltage source, which governs the dissolution, thereby
tends to zero, the dissolution will be slowed down or
arrested, whatever the values of the other concentra-
tions determining the conductivity or the kinetics of the
repassivation. If dissolution is arrested, crack growth
will also be arrested.

(d) Qualitative evaluation of the model with experi-
ments confirms that a second mechanism for crack

growth, in addition to the anodic dissolution, should be
considered. This is a new result compared with other
models for stress corrosion cracking of steels in high
temperature water, which consider only the dissolution
[5,6].

(e) Finally, the model is very conservative (no crack
growth could be observed in the limits of the detection
threshold K| = 30 MPam1/2 considered for the calcula-
tions for aggressive conditions [1]). This means that
the value of the crack growth calculated with the pre-
sent model can be considered as an upper bound,
taking extreme values for the parameters. This can be
of interest for safety purposes for which only knowl-
edge of an upper bound value is sufficient for a given
set of conditions.

5.2 Application of the Model and Extension to
other Metal-Environment Systems

The application of the model requires determination of
the values of the exchange current densities, which
must be separately measured for the metal-
environment system under consideration, since they
cannot be predicted [8]. The determination of these
current densities allows comparisons of calculated
crack growth against measurement for evaluating the
model. It allows also the determination of the values of
the crack-tip parameters ef and ac. These parameters,
which cannot at present be directly measured for the
case of low alloy steels in high temperature water, are
critical for the amplitude of the crack growth. Two very
different concentrations of sulphate ions in a deoxy-
genated electrolyte outside the crack should be con-
sidered for these experiments.

The structure in terms of partial models, each repre-
senting a particular mechanism, allows direct applica-
tion of the model to any metal-environment system for
which the present crack growth mechanism can be
assumed, given the appropriate values of the parame-
ters and the constitutive law for the material.
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THE DIELECTRIC CONSTANT OF WATER IN COMPACTED CLAYS

T. Thoenen

The aim of nuclear waste disposal is to achieve a permanent isolation of radioactive waste from the hu-
man environment. To this purpose, numerous concepts rely on a combination of natural and engineered
barriers. In many of these, compacted clays play a prominent role: for example, the proposed Swiss re-
pository for high-level waste will be situated in a geological clay formation (Opalinus Clay), and the dis-
posal drifts will be backfilled with compacted bentonite. For the performance assessment of these barriers,
geochemical modelling is an important tool, especially with respect to the characterization of porewater
composition and its evolution. In compacted clays with low water content, much of the water present is
likely to be adsorbed on the internal and external surfaces of clay minerals, so that the physical and
chemical properties of water will be influenced by interfacial effects. It is known from experiments at room
temperature that the dielectric constant is significantly lower in adsorbed water films than in bulk water. In
order to assess the magnitude of the dielectric constant of water adsorbed on clay mineral surfaces, and
to investigate the consequences of a decreased dielectric constant, particularly with respect to the forma-
tion of aqueous complexes and ion pairs, a literature study has been performed. On the basis of theoreti-
cal considerations and experimental evidence, it is concluded that geochemical modelling, using stability
constants and activity coefficients derived in ordinary aqueous systems, is not appropriate when dealing
with exceptional aqueous systems such as water films in compacted clays.

1 INTRODUCTION

In compacted clays with a low content of water, much
of the water present is likely to be adsorbed on the
internal and external surfaces of clay minerals, so that
the physical and chemical properties of water will be
affected by interfacial phenomena.

It is known from experiments at room temperature that
the dielectric constant e is significantly lower in
adsorbed (e < 10 at the surface) than in bulk water (e
= 80). Reduced values of e imply that adsorbed water
molecules on mineral surfaces are less free to re-
orient along an applied static electric field than the
molecules in bulk liquid water. In the case of clay
mineral surfaces, this restriction comes about
because of preferential orientation in water molecules
which are imposed by the strong Coulomb fields of
exchangeable cations, and by the exigencies of
hydrogen bonding [1].

As the dielectric constant decreases, electrostatic in-
teractions between cations and anions become
stronger. This is evident from Coulomb's law:

0)

where F is the electrostatic force between two point
charges q-| and q2, separated by a distance r, in a
medium with the dielectric constant e. Stronger elec-
trostatic interactions favour the formation of neutral or
low-charge ion pairs and complexes. As a conse-
quence, the corresponding stability constants in-
crease. Geochemical modelling of porewaters in
compacted clays using stability constants for bulk wa-
ter, and activity coefficients for aqueous species which
do not account for the reduced dielectric constant,
may therefore not be appropriate.

Furthermore, a reduction of the dielectric constant of
water near the surface of clay minerals may also
influence diffusion in compacted clays. As the surface

charge on clay mineral surfaces is usually negative
(due to the substitution of Si4+ by AI3+, in tetrahedral
layers, and of Al3+ by Mg2+ in dioctahedral layers), a
diffuse double layer of cations, which compensates for
the excess charge, develops in the aqueous solution
right next to the surface. If a clay is sufficiently
compacted, the diffuse double layers of adjacent clay
minerals may overlap, preventing the diffusion of
charged species through the aqueous solution [2].
This effect is called "Donnan exclusion".
Consequently, the formation of neutral ion pairs, due
to the reduced dielectric constant, may enhance
diffusion in regions where double layers overlap,
because neutral species are not subject to Donnan
exclusion.

The purpose of this preliminary report is to present an
assessment of the magnitude of the dielectric
constant of water adsorbed on clay mineral surfaces,
to discuss the consequences of a decreased dielectric
constant, and to investigate the dependence of ion
association and stability constants on the dielectric
constant.

2 DIELECTRIC CONSTANT OF WATER ADSOR-
BED ON CLAY MINERAL SURFACES

Experiments have shown that adsorbed water on
mineral surfaces has a significantly lower dielectric
constant (e) than for bulk water. According to
Horseman et al. [2], e is between 2 and 50 in
adsorbed water, compared with about 80 in bulk
water.

Cownie and Palmer [3] observed that the overall
dielectric constant of wet clay decreases as the water
content is reduced. The overall dielectric constant is a
function of the dielectric constants of the two
constituents, water and clay. Palmer [4] has used a
mixing model to calculate e for water from the
measured overall dielectric constant and the known e
for dry clay. As can be seen from Fig. 1, e for water
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varies from about 70, for a clay containing 45g
water/1 OOg dry clay, down to about 10 for a clay
containing 5g water/1 OOg dry clay. Palmer then mod-
elled the observed variation of e for water by
assuming that it increases exponentially, from the
value for adsorbed water to the value for bulk water,
as more and more water was added to the clay:

e = ebulk -(€ bulk -e adsorbed i (2)

in which
e:
ebulk :

eadsorbed-

a:

x:

dielectric constant for water
dielectric constant for bulk water (~ 80)
dielectric constant for adsorbed water (= 3)
fitting parameter derived from experimental
data
weight of water/1 OOg of dry clay

CO

CO

0 20 40 60 80

Weight H2O/100 g Dry Clay

Fig. 1: Dielectric constant of water as a function of
the weight ratio between water and dry clay.
Circles: experimental data by Cownie and
Palmer [3]. Curve: calculated from Equation
(2) by Palmer [4].

As seen in Fig. 1, the fitting parameter a = 0.044, ob-
tained by Palmer [4] from the experimenal data of
Cownie and Palmer [3], gives a satisfactory fit.

In a subsequent paper, Palmer et al. [5] measured the
dielectric constant of water films between thin mica
plates. They found that e decreased with decreasing
thickness of the films from more than 20 (for films of
about 5|im thickness, corresponding to about 18,000
water layers, if the van der Waals molecular diameter
of water is taken to be 0.28nm) to less than 10 (for
films about 2|im thickness, corresponding to about
7,000 water layers). No attempt was made to check
the consistency of the measurements by Palmer et al.
[5] with those by Cownie and Palmer [3].

How do these measurements relate to the Opalinus
Clay and bentonite? According to Rodwell et al. [6],
the average thickness of the water film between two
clay minerals in compacted clays (d[m]) can be
calculated from the gravimetric water content (ratio of
the weight of water to dry weight of solid) using

d =
2(1 -v) w

SePw

with

w: gravimetric water content
v: proportion of the total mass of water held in in-

ter-layer positions (0.7)
pw: density of water (1000 kg/m3)
Se: specific external surface area

In the case of a saturated bentonite with an average
gravimetric water content of 0.35 (corresponding to
35g of water per 100g of dry bentonite), and a specific

external surface area of 35m2/g (35-106 m2/Mg), the
thickness of the water film is about 7nm, which is
equivalent to about 20 water layers (for the Opalinus
Clay with an average gravimetric water content of only
about 0.05, the thickness of the water film is much
smaller).

According to Cownie and Palmer [3] and Palmer [4]
(see Fig. 1), a gravimetric water content of 0.35
(equivalent to about 20 water layers) corresponds to
an e value of about 60. On the other hand, the
measurements by Palmer et al. [5] indicate that a
water film thickness of 20 water layers corresponds to
an e value way below 10. At present, the author can-
not resolve this discrepancy. However, even a moder-
ate reduction of e from 80 to 60 has a significant im-
pact on ion association constants, and on proton
association constants for various bases (see
Section 5).

3 TEMPERATURE DEPENDENCE OF THE
DIELECTRIC CONSTANT

One problem with estimating the influence of changes
in the dielectric constant of water on equilibrium con-
stants is that e cannot be varied at will in an
experimental setup, as can, for example, pressure or
temperature. However, the e for water decreases with
increasing temperature (see Fig. 2). Therefore, one
could argue that the effect of a decreasing e on the
equilibrium constants should be reflected in the
changes with temperature.

150 200

Temperature C

Fig. 2: Dielectric constant of water at saturation pres-
sure as a function of temperature. Data from
Appendix in Barnes [8].

(3)
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Certainly, ion association and complex formation
become stronger with increasing temperature (in
accord with the decreasing e which stabilizes ion pairs
and complexes) but, as temperature increases,
molecular vibrations become increasingly more
important, making ion pairs and complexes more likely
to dissociate. These competing effects result in
observed maxima of association constants of ion
pairs, and formation constants of complexes, at
intermediate temperatures [7].

4 CONSEQUENCES OF A DECREASED
DIELECTRIC CONSTANT

A decrease of the dielectric constant from bulk water
to surface film values has several consequences:

• Electrostatic interactions between cations and
anions increase with decreasing dielectric con-
stant. This favours the formation of electrically neu-
tral, or low-charge, ion pairs and complexes, and
the corresponding equilibrium constants increase
(see Section 5).

• The activity coefficient yj of an aqueous species i
also depends on the dielectric constant of water.
Take, for example, the Debye-Huckel equation,

log/,-=-

with

and

where

= 1.825x\0Gpvz(eT)-3/2

p
T:

6 = 50.3(£-T)-1/2,

charge of species i
ion size parameter of species i
ionic strength
density of pure water
temperature

(4)

(5)

(6)

The dielectric constant is "hidden" in the A and B pa-
rameters. The dependence of the activity coefficient of
a single charge species on e is shown in Fig. 3.

30 40 50

Dielectric Constant

Fig. 3: Activity coefficient of a monovalent ionic spe-
cies as a function of the dielectric constant of
water (see text for parameters used).

• Diffusion of charged species in overlapping diffuse
double layers is limited as a result of Donnan-
exclusion. Uncharged complexes (which are fa-
voured at low dielectric constants) may still diffuse.

• The width of the diffuse double layer (DDL) on a
clay mineral surface is a function of ionic strength:
the higher the ionic strength, the narrower is the
DDL. The formation of low charge, or neutral, com-
plexes (as is expected with decreasing dielectric
constant) reduces the ionic strength, and therefore
increases the width of the DDL. Note, however,
that there is a trade-off, since reducing e itself
results in a decrease of the DDL. This is obvious
from the Debye length x"1:

OOOekT

with

k:
NA:
e0:

Z =

Boltzmann constant
Avogadro constant
elementary charge unit

(7)

The Debye length is a measure of the thickness of
the DDL. Figure 4 illustrates that, as e decreases,
the Debye length initially becomes smaller (x"1 is
proportional to e), but ultimately increases rapidly
as the reduction of the ionic strength due to ion
association becomes dominant (x"1 is inversely
proportional to I), as will be discussed below.

2

0 10°
30 40 50

Dielectric Constant

Fig. 4: Debye length (a measure of the thickness of a
diffuse double layer) as a function of the di-
electric constant of water for a 1:1 electrolyte
at 25°C, and at various concentrations. Ion
association is accounted for by the Fuoss
equation [9].

5 DEPENDENCE OF ION ASSOCIATION AND
STABILITY CONSTANTS ON THE
DIELECTRIC CONSTANT

Fuoss [9] developed a theory of ionic association
based on statistical thermodynamics. According to this
theory, the fraction of ion pairs (0) as a function of
the dielectric constant of water can be calculated from
the following equations:
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© = •

with

and

3000

eakl

(8)

(9)

00)
where c is the total concentration of the electrolyte, a
is the radius of the cation (although the term ion size
parameter is more appropriate), and z. and z+ are the
charge numbers of the anion and cation, respectively.

Because I is a function of the fraction of ion pairs,

/ = O.5((1-0)cz?+(1-0)cz?). (11)

Eq. (8) has to be solved iteratively. The curves in Fig.
5 were calculated for various concentrations with:

T:

a:
NA:
e0:
k:

298.15 K
1
1
6x10"8cm
6.022 x1023mo|-1

4.803 x10-10g1/2cm3/2s"1

1.3807 x10"16g cm2 s"2

The curves clearly show that, upon a decrease in the
dielectric constant, the fraction of ion pairs increases.
This fraction is also a function of the total con-
centration of the electrolyte, since the formation of ion
pairs is favoured by increasing the electrolyte concen-
tration.

As already stated above, the dielectric constant for
pure water at a specific temperature cannot be im-
posed externally. However, e can be continuously
changed by adding miscible solvents (which are much
less polar than water itself) to the water, such as
methanol (e = 32.6 at 25°C), ethanol (e = 24.3 at
25°C), 2-propanol (e = 18.3 at 25°C), and dioxane (e =
2.2 at 25°C).
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| «

•S 0-5

0 0.4

1 0.3
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- \ \ \
\ \* \ \ \ \

I i I IO4 us3 is* 10"

10 20 30 40 50 60 70 80

Dielectric Constant

Fig. 5: Fraction of ion pairs as a function of the di-
electric constant for water for a 1:1 electrolyte
at various concentrations, at 25°C, as calcu-
lated from the Fuoss equation [9]. See text for
parameters used.

Fuoss and Kraus [10] have measured the ion-associa-
tion constants of sodium bromate, tetrabutyl-
ammonium iodide, and tetrabutylammonium bromide
as functions of the inverse dielectric constant of
dioxane-water mixtures at 25°C. As expected, there is
an increase in the ion association constants with
decreasing e. The ionic association theory of Fuoss [9]
can be applied to these experimental data by using
the fraction of ion pairs defined by Eq. (8) in the
expression for the ion association constant K of
monovalent 1:1 ion pairs:

K_ 0c 0 f 1 2 )

(1-0)C(1-0)C (1-0)2C'

Note that activity coefficients for the ions are negligi-
ble in these examples and have therefore been omit-
ted. It follows from Eqs. (7-12) that the ion size pa-
rameter a is the only adjustable parameter. Figure 6
shows that the calculated curves do reproduce the
trend of increasing ion association with decreasing e,
but are shifted with respect to the experimental data.
With one adjustable parameter only, it is not possible
to improve the fits. Obviously, the theory developed by
Fuoss [9] cannot be used to quantitatively calculate
changes in ion association constants with e, but it can
be used in a qualitative sense.

100 80 70 60 50 40
1.50

1.50 2.00 2.50 3.00

1/EX100

Fig. 6: Ion association constant of Na-bromate as a
function of 1/e of dioxane water mixtures at
25°C. The line represents a "fit" to the ex-
perimental data by Fuoss and Kraus [10] (cir-
cles), and based on the equation of Fuoss [9].
The ion size is the only adjustable parameter.

Several authors have measured the dissociation con-
stants of various acids (inversely related to the proton
association constants of the corresponding bases) in
mixtures of water and solvents which are less polar
[11-17]. As is evident from these studies, the
logarithms of the proton association constants are
linearly related to 1/e for solvent mixtures as diverse
as dioxane-water, ethanol-water, methanol-water, 2-
propanol-water, and urea-water (see Figs. 7 and 8 for
some examples). The degree of association always
increases as the dielectric constant is decreased. This
linear dependence of log K on 1/ecan be explained in
terms of Born's electrostatic theory of ion solvation
[16, 18, 19].
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Fig. 7: Proton association constant of cupferrate as a function of the inverse dielectric constant of: (a) dioxane-
water, (b) ethanol-water, (c) methanol-water, and (d) 2-propanol-water mixtures at 25°C. Data from Kim et
al. [12].
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Fig. 8: First and second proton association constants of: (a) malate, and (b) succinate, as functions of the inverse
dielectric constant, for ethanol-water mixtures at 40°C. Data from Zaghloul et al. [16].
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6 CONCLUSIONS

The available experimental studies clearly indicate
that the dielectric constant for water adsorbed on clay
mineral surfaces may be significantly reduced
compared to bulk water.

The main consequences of this are far reaching:
thermodynamic properties, such as ion association
constants, proton association constants, complexation
constants and activity coefficients, can change
considerably. The use of equilibrium constants and
activity coefficients, which have been derived in
ordinary aqueous systems, may therefore not be
appropriate for the modelling of porewaters in
compacted clay systems.

So far, this issue has not been addressed in safety
assessments for radioactive waste repositories. In the
author's opinion, it is evident that it needs to be
considered when dealing with exceptional "aqueous
systems", such as water films in compacted clays and
bentonites. Further investigations are indispensable
for better understanding of porewaters in compacted
clay systems.
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DETERMINATION OF SORPTION MECHANISMS OF RADIONUCLIDES ONTO CLAY
MINERALS USING EXTENDED X-RAY ABSORPTION FINE STRUCTURE

(EXAFS) SPECTROSCOPY

R. Dahn, A. Scheidegger, B. Baeyens and M. H. Bradbury

Much of the experimental work in the Waste Management Laboratory at PSI concentrates on trying to
understand the processes and mechanisms which govern the release of safety-relevant radionuclides
from waste matrices, and their transport through engineered barrier systems and the surrounding geo-
sphere. For this reason, detailed sorption studies of radionuclides (Cs, Sr, Ni, Zn, Eu, Am, Th and Se) in
clay and cement systems are being conducted. The sorption and modelling studies are combined with
kinetic investigations and advanced spectroscopic and microscopic methods in order to understand the
sorption mechanism on an atomic level. This approach is part of a new multidisciplinary research field
called Molecular Environmental Science (MES). In this paper, a case study of Ni sorption on montmorillo-
nite is presented to illustrate how EXAFS can be used successfully to better understand sorption proc-
esses.

1 INTRODUCTION

The aims of the activities in the Waste Management
Laboratory are to develop and test models, and to
acquire selected data in support of the performance
assessments of Swiss nuclear waste repositories. The
movement of ground water through a repository can,
potentially, result in the release of radionuclides from
waste matrices. The released radionuclides can then
migrate through engineered barrier systems (near-
field) and the surrounding geosphere (far-field). The
release of radionuclides can be significantly retarded
through interactions with solid phases. Thus, a de-
tailed understanding of sorption mechanisms of ra-
dionuclides in cement and clay systems is of great
importance for safety assessment.

In the past, most studies on retention and migration of
radionuclides in cement and clay systems have been
performed using a macroscopic approach (batch stud-
ies). Batch studies provide an efficient tool to deter-
mine distribution coefficients of metal ions, and to
differentiate between different sorption modes such as
cation exchange and surface complexation at the
solid-water interface at trace element concentration.
The limitation of batch studies is that the differentia-
tion of sorption species is lacking. Macroscopic ap-
proaches cannot provide data on an atomic/molecular
level. An excellent way to glean mechanistic informa-
tion about metal interactions on solid surfaces is to
couple batch studies and sorption modelling with
spectroscopic and microscopic investigations. This
approach is part of a new multidisciplinary research
field called Molecular Environmental Science (MES).
MES aims to provide physical information on the
chemical and physical forms (speciation), spatial dis-
tribution, and reactivity of contaminants, in natural
materials and man-made waste forms, and to develop
a fundamental understanding of the molecular-scale
environmental processes, both chemical and biologi-
cal, which affect the stability, transformations, mobility
and toxicity, of contaminant species.

In this study, X-ray Absorption Fine Structure Spec-
troscopy (XAFS) was used to determine the coordina-
tion environment of radionuclides sorbed onto clay
minerals. XAFS is an element-specific, non-invasive,

Sorptii r sites

ii nil

Fig. 1: Sorption modes on dioctahedral aluminous
clays (V=vacancy) [1].

synchrotron-based technique, which can provide in-
formation on metal sorption reactions on an
atomic/molecular level.

The information derived from XAFS is similar to that
obtained from crystallographic experiments (i.e., bond
length, coordination numbers and system disorder),
with the important exception that XAS studies do not
require long-range order (crystalline samples), and
can be performed on amorphous solids, surface ad-
sorbed complexes, or species in solution.

In the following, the sorption mechanisms of Ni on
montmorillonite will be discussed. Over the past few
years, the sorption of radionuclides on montmorillonite
has been studied in great detail in LES [2-5]. Mont-
morillonite is a major component in backfill for a high-
level waste repository, and an important mineral re-
sponsible for the retention of metals in the geosphere.
Montmorillonite is a 2:1 clay material with substantial
isomorphic substitution (Fig. 1).

XAFS studies in the literature have demonstrated that
divalent metal ions, such as Ni, Co and Zn, can sorb
onto clay mineral in various uptake modes: sorption
on edge sites, sorption on interlayer sites (Fig. 1), and
the formation of lamellar nucleation phases such as
neoformed layer silicates and mixed layered double
hydroxides [6-9]. The use of powder EXAFS to inves-
tigate the sorption mechanism of divalent metal ions
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onto clay minerals is hindered by the strong overlap of
scattering contributions from atoms in the octahedral
and tetrahedral sheets (Si and Al, Fig. 1). The limita-
tion restricts, with a few exceptions, the data analysis
to the 2-3 nearest shells located below 3-4 A, and so
the interpretation of powder EXAFS data in these
sorption systems may be problematic.

The limitation can be overcome by performing polar-
ized EXAFS (P-EXAFS) experiments on highly ori-
ented, self-supporting, clay films [6, 10, 11]. In P-
EXAFS, the contribution of cations from the tetrahe-
dral sheets (Al, Si) is minimized by orienting the layer
ab plane to be parallel to the electric field vector 8 of
the incident X-ray beam (Fig. 2). Conversely, the con-
tribution of cations from the octahedral sheet (Al and
Mg in montmorillonite) is extinguished in the perpen-
dicular orientation of e.

Beam direction

/

© ©

T
O
T

i Absorber atom
1 Al, Vacancies

Si

cc = O° a = 90°

Fig. 2: Orientation of the clay film with respect to the
incoming beam.

In contrast to powder EXAFS, the coordination num-
ber in P-EXAFS is modified. In P-EXAFS, the appar-

iexafs\ent coordination number (CN ) is [6]:

1 - -
.-l)(3cos2or-2)

0)

a = the angle between the electric field vector e and
the layer plane;

(3 = the angle between the film normal and the vector
(Rjj) which connects the absorbing atom i to the back-
scattering atom j ;

CNcryst = the number of atoms in the j shell;

Equation (1) can be simplified for two "magic angles":
CNexafs = CNcryst fQ|. a = g g ^ i n d e p e n d e n t o f p_ a n d

for (3 = 53.7°, independent of a.

In the following, we illustrate how a combination of
powder EXAFS and P-EXAFS has been used to study
Ni sorption mechanisms on montmorillonite. Powder
EXAFS measurements were performed to investigate
changes in the coordination environment of Ni sorbed
on montmorillonite as a function of reaction time (1-

206 days). P-EXAFS on self-supporting montmorillo-
nite films was then conducted to identify the Ni sorp-
tion mechanisms in detail.

2 RESEARCH METHODS

The STx-1 montmorillonite used in this
study—Si4Ah 67(Fe2+,Mg)0.33O10(OH)2 (MeO33,H2O),
where Me refers to a metal cation in the interlayer
space between sheets—was purchased from the
Source Clay Minerals Repository of the Clay Minerals
Society.

Powder EXAFS samples were prepared by adding 60
ml of a buffered Ni solution (pH 8.0, high ionic
strength, 0.2 M Ca(NO3)2 to block cation exchange
processes) to 40 ml of a conditioned and purified Ca-
montmorillonite, this suspension resulting in a solid to
liquid ratio of 5.3 g/L, and an initial Ni concentration of
0.66 mM. After 1, 14, 90 and 206-day reaction times,
the suspensions were centrifuged and the wet pastes
were filled into Plexiglas holders.

The P-EXAFS sample was prepared by adding 200 ml
of a buffered Ni solution (pH 8.0, high ionic strength,
0.3 M NaCIO4) to 40 ml of a conditioned and purified
Na-montmorillonite suspension [5], resulting in a solid
to liquid ratio of 2.14 g/L, and an initial Ni concentra-
tion of 0.66 mM. After a 14-day reaction time, the sus-
pension was filtrated, and a highly oriented, self-
supporting film was prepared. The disorientation of
particles off the film plane, as measured by quantita-
tive texture analysis, was typically between 10° and
20° Half Width of Half Maximum (HWHM) [6, 10, 11].
Manceau et al. [12] have shown that no significant
deviation from single-crystal dichroism occurs if the
mosaic spread is less than 20-25° HWHM for parallel
measurement, and between 15-20° HWHM for normal
measurement.

The dried clay film was cut into 8 slices and stacked
on a sample holder in order to obtain a sufficiently
thick sample for fluorescence measurements. The
preparations were performed in a glove box under N2

atmosphere (CO2 and O2 < 5 ppm). The reaction con-
ditions were undersaturated with respect to Ni(OH)2

[13]. The supernatant solutions were analysed by ICP-
MES in order to determine the amount of Ni sorbed
onto the clay mineral.

Ni K-edge XAFS spectra were recorded at the X-11 A
beamline at the National Synchrotron Light Source,
Brookhaven National Laboratory, Upton, NY, using a
Si (111) crystal monochromator. P-EXAFS spectra
were recorded with the electric field vector at 10, 35,
55 and 80 degrees with respect to the film plane, and
powder EXAFS spectra were recorded at 35 degrees.
All spectra were recorded at room temperature (RT)
with a 13-element Ge solid-state detector (Canberra).

XAFS data reduction was carried out by using the
WinXAS 97 1.3 software package [14]. Radial struc-
ture functions (RSFs) were obtained by Fourier trans-
forming k3-weighted x(k) functions between 3.2 to 10
A"1 using a Bessel window function with a smoothing
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parameter of 4. Amplitude and phase shift functions
were calculated with FEFF 8.0 [15], using the struc-
tures of (3-Ni(OH)2 and Ni-Talc [16] as references. The
amplitude reduction factor (S0

2) was determined to be
0.85 from the experimental (3-Ni(OH)2 EXAFS spec-
trum.

3 RESULTS AND DISCUSSION

The k3-weighted EXAFS spectra for Ni sorbed onto
montmorillonite at pH 8, for 1, 14, 90 and 206 days,
are shown in Fig. 3 (Ni loading varied between 20-110
|amol/g). With increasing reaction time, a shoulder of
k3%(k) at 5.1 A"1 appears, and its intensity increases.
In addition, the wave frequency range between ~7
and ~9 A"1 splits with increasing reaction time. These
two features indicate that the coordination chemistry
of Ni is changing with time.

226 days

90 days

14 days

1 day

10

Fig. 3: k3-weighted Ni K-edge EXAFS spectra for Ni
sorbed onto montmorillonite at pH=8 (Ni
sorbed for 1 day: 20 |imol/g; 14 days: 47
jxmol/g; 90 days: 96 |j,mol/g; and 206 days:

The corresponding experimental and simulated RSFs
are shown in Fig. 4. The amplitude of the first (Ni-0
contribution) peak is unchanged with reaction time,
while the second (Ni-cation contribution) peak in-
creases with increasing reaction time, and the position
of the second peak is not shifted. The dotted line
represents the position of a Ni-Ni shell in an alpha-
Ni(OH)2 [17]. We fitted the data of the second peak by
assuming either only Ni-Ni, or Ni-Ni and Ni-Si, back-
scattering. Two fits were possible, and could not be
differentiated using powder EXAFS: (i) the formation
of an a-Ni(OH)2 precipitate with time, and (ii) the for-
mation of a Ni-phyllosilicate with time. In order to
overcome the strong overlap of scattering contribu-
tions from atoms in the octahedral and tetrahedral
sheets, and to differentiate between the two fitted
solutions, polarized EXAFS (P-EXAFS) experiments
on highly oriented, self-supporting clay films were
performed.

226 days

0 2 4 6 8

R + AR(A)

Fig. 4: Ni K-edge RSFs for 20-110 |imol/g Ni sorbed
onto montmorillonite at pH 8. The solid line
represents the experimental data, and the
dashed line the fit. The dotted line represents
the position of a Ni-Ni shell in an alpha-NiOH2

[17].

Integrated radial distribution densities of the c* axes of
montmorillonite crystals with respect to the normal of
the self-supporting clay film (p=0°, p = tilt angle of the
film plane) are shown in Fig. 5. The data demon-
strates that the P-EXAFS sample is highly textured
with a HWHM of 16.4°. This shows that most mont-
morillonite platelets have their c* axes normal to the
film plane.

-80-60-40-20 0 20 40 60 80

Fig. 5: Integrated radial distribution densities of the c*
axes of montmorillonite crystals with respect
to the normal of the self-supporting clay film
(p=0°).

Figure 6 shows a comparison between the k3-
weighted Ni-EXAFS spectra of a wet paste (96 |afnol/g
Ni) with a self-supporting film (111 |afnol/g Ni) meas-
ured at the "magic angle" (oc=35°). The k3%(k) powder
spectrum is very similar to the 35° P-EXAFS spec-
trum, demonstrating that the drying of the self-
supporting clay film did not modify the overall coordi-
nation chemistry of Ni.
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Fig. 6: Comparison of k -weighted Ni K-edge P-
EXAFS spectra at oc=35° and powder EXAFS
spectra (wet paste) for sorption samples.

The angular dependence of 111 u.mol/g Ni sorbed
onto montmorillonite at pH 8 is illustrated in Fig. 7.
With increasing a angle, the shoulder of k3x(k)at 5.3
A"1 increases and the wave frequencies at 5.3 A"1 and
7.5 A"1 shift. The change in frequency, and the wave
feature at 5.3 A"1, indicate that the coordination chem-
istry of Ni is anisotropic, and that its coordination
spheres are oriented with respect to the clay layers.

10-

2-
0-

-2-

-10-
10

Fig. 7: k -weighted Ni K-edge EXAFS spectra at a
angles of 10, 35, 55 and 80 degrees for Ni
sorbed onto montmorillonite (111 jimol/g,
pH=8).

Figure 8 shows experimental and simulated RSFs.
The amplitude of the first (Ni-O contribution, at 2.6 A)
and second (Ni-cation contribution) peaks decreases
with increasing a angle. The position of the second
peak is shifted from 2.75 A at a=10°, a typical peak
position for a Ni-Ni pair in sheet silicates [8, 18], to 2.8
A at a=80° (distances are uncorrected for phase shift).
Lastly, the imaginary part of the Fourier transform
shifts to higher distance values with increasing a an-
gle. Similar angular dependences were reported in
ferric smectite films, and were shown to correspond to
the selection of the Fe-Fe octahedral sheet contribu-
tion in the parallel orientation, and to the Fe-Si contri-
bution in the perpendicular orientation [19, 20].

3
.t;

1
CO

a=80°

a=55°

a=35°

a=10°

Fig. 8:

0 2 4 6 8
R(A)

Polarisation dependence of Ni K-edge RSFs
at a angles of 10, 35, 55 and 80 degrees for
111 u.mol/g Ni sorbed onto montmorillonite at
pH 8. The solid line represents the experimen-
tal data, and the dashed line the fit.

In Table 1, the structural parameters derived from the
fit are summarized. At a=80°, the CNexafs of the second
RSF peak is 6.0 ± 1.2 Si atoms at a distance of 3.26 A.
In this out-of-plane direction, no Ni-Ni interactions are
detected. At a=10°, the second RSF peak is com-
posed of CNexafs = 3.9 ± 0.8 Ni atoms at 3.08 A, and

exafs ^

Ni-Si distances are characteristic of Ni clays [18],
which indicates that the sorption of Ni resulted in the
neoformation of a nickeloan clay. Since the Ni-Ni and
Ni-Si pairs have the same orientations as the AI-AI and
Al-Si pairs in montmorillonite particles of the film, this
neoformed clay is crystallographically oriented with
respect to montmorillonite layers. Clay neoformation
on mineral surfaces has been recently demonstrated in
the case of cobalt on quartz [21], and for zinc on hec-
torite smectite [22], and this mechanism could account
for the immobilisation of trace elements in natural sys-
tems, such as zinc in contaminated soils [23].

Table 1: Structural information derived from EXAFS
analysis.

a

10°

35°

55°

80°

CNexaf

5.7

5.5

5.0

4.6

Ni-0

R

[A]

2.04f

2.04

2.04f

2.04f

a2

[A2]

0.006f

0.006

0.006f

0.006f

CNexaf

3.9

2.5

1.4

Ni-Ni

RNi-Ni

[A]

3.08f

3.08

3.08f

a2

[A2]

0.008f

0.008

0.008f

CNexafs

3.2

4.2

5.2

6.0

Ni-Si

RNI-SI

[A]

3.26a

3.26a

3.26a

3.26

o2

[A2]

0.008a

0.008a

0.008a

0.008

AE0

[eV]

1.4f

1.4

1.4f

1.4f

%Res

2.0

3.2

3.3

6.3

CNexafs, R, a2, AE0 are the apparent coordination numbers, intera-
tomic distances, Debye-Waller factors, and inner potential correc-
tions, respectively.
a: fixed to the value determined at 80°.
f: fixed to the value determined at 35°.
The deviation between the fitted and the experimental spectra is
given by the relative residual in percent: %Res.
The absolute precision of R is estimated to be ± 0.02 A, and on
CNexafs to be 20%. The relative precision of CNexafs for different
angles is about 10%.
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4 CONCLUDING REMARKS AND OUTLOOK

The presented case study with Ni illustrates how
XAFS can successfully be used to unequivocally de-
termine sorption processes of radionuclides in nuclear
waste repository systems. The study revealed that the
neoformation of layer silicates (Ni phyllosilicate) by
treating clay mineral surfaces with radionuclides is a
possible uptake mode for radionuclides in the geologi-
cal far-field, at elevated pH and radionuclide concen-
trations. This information is important for nuclear
waste management research insofar as the layer sili-
cates are very stable, and can strongly hinder the
release of radionuclides from waste matrices.

Batch experiments in our laboratory, performed at Ni
concentrations relevant for EXAFS experiments down
to trace element concentration, have shown that Ni is
strongly bound to the clay matrix, and can only be
released if the pH of the Ni-montmorillonite suspen-
sion is strongly lowered to a pH at which the clay min-
eral is dissolved. Thus, one can conclude that the
neoformation of phyllosilicates can immobilize ra-
dionuclides in waste depository systems, and hinder
the release of Ni nuclides into the geosphere.

In the paper, we have presented a case study of Ni
sorption onto montmorillonite at high Ni concentra-
tions (Ni sorbed 110 (xmol/g). However, we are also
performing EXAFS studies on sorbed Ni concentra-
tions, which are 100 times less than for this study, in
order to understand the initial step of adsorbing Ni
onto montmorillonite.

It should be mentioned that we have also used (or are
in the process of using) XAFS to investigate the inter-
action of a series of radionuclides (Ni, Sr, Eu, Th, U,
Se, I, Sb) with a variety of minerals common in nu-
clear waste repositories. We anticipate that the
EXAFS studies will yield supporting information con-
firming or improving existing surface complexation
models used in our laboratory.

Furthermore, it is foreseen that the EXAFS studies will
also address the inherent heterogeneity common to
waste repositories. Up to now, EXAFS studies have
yielded an averaged signal. In many cases, this ap-
proach is entirely sufficient, but the approach breaks
down when mechanisms operative on the micro-scale
have larger consequences. For instance, studies of
chemical species transfer in waste repositories classi-
cally rely on the assumption that the fate of radionu-
clides is primarily determined by sorption reaction on
the most predominant mineral phases. Recent
|j,SXRF/XAFS experiments carried out at the Ad-
vanced Light Source (ALS) [23] have demonstrated
that the sorption of zinc in sandy contaminated soils is
not primarily because of the overwhelming quartz
grains, but is due to the minor iron and manganese
oxide phases. Another example of the importance of
minor mineral phases which can be overlooked by
bulk measurements is the fate of plutonium in the tuff
of the Yucca Mountain in Nevada [24]. The tuff con-
sists of more that 95% zeolite minerals, and less than
1% oxides, with only a small fraction of the latter being

Mn oxides. However, by using an X-ray microprobe
facility at the Advanced Photon Source (APS), Pu5+

was found not only to be associated specifically with
the Mn oxides, but also to have been oxidized to Pu6+

by Mn3+/Mn4+. Neglect of these natural processes
would result in significant errors in calculations of spe-
cies transport, species sequestration, and total reac-
tive or redox potential. The development of techniques
aimed at restoring an environmentally toxic site, or
strategies to control the Pu distribution in the event of
a leakage, would, in such cases, be based on false
assumptions, and thus might not be effective, and
could even exacerbate the situation a worst case.

In view of the importance of small-scale mechanisms,
and precise characterization of the physical and
chemical attributes of natural systems, there has been
a considerable effort to develop high-resolution, ana-
lytical X-ray probes. In the US, coupled X-ray micro-
probes, spectroscopy and diffraction beamlines are
being developed at APS and ALS. At PSI, a
I^SXRF/XAS/Diffraction beamline is under construc-
tion at the Swiss Light Source (SLS). The Waste
Management Laboratory will be responsible for the
design, construction and operational phases of this
new (micro-XAS) beamline.
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