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INTRODUCTION 

1/1/. Kroger 

PSI's Nuclear Energy and Safety Research 
Department (NES) looks back on 2002 in terms of an 
impressive record, in regard to both its research and 
its strategic decisions. Besides the excellent results 
produced in the various research areas, both federal 
and external funds have been consolidated. 

Cuts in personnel resources are finally stabilising and, 
with a current staffing quota of about 165 person-
years per year, and roughly 7 MCHF for O&M costs, a 
position of equilibrium has now been reached. This 
has been confirmed both in PSI's mid-term planning, 
and in the joint position of PSI and the Board of the 
Federal Institutes of Technology (FIT) regarding Swiss 
participation in the Generation IV International Forum 
(GIF); see box. 

The strong collaboration between NES and its 
traditional partners—the Swiss utilities (UAK), Nagra, 
and the regulatory authority (HSK)—has continued. 
NES participation in the European Framework 
Programmes, and its collaboration with leading 
nuclear supply industrial partners, also remains active. 
As a result, both currently, and in the mid-term, a 
substantial share (-45%) of the total costs for nuclear 
research at PSI have been assured. 

Highlights in research and operation 

Projects established in previous years have yielded 
relevant and first-of-a-kind results, which have gained 
broad attention, both nationally and internationally, 
and which are presented in detail in this report. A few 
outstanding examples are cited below: 
• Successful first measurements with highly active 

samples in LWR-PROTEUS Phase II (high burn-up 
fuel) have shown significant dependency of reacti-
vity on burn-up, and increasing discrepancies 
between calculated and measured reactivity values 
with burn-up. As a consequence of these findings, 
the Swiss utilities wish to extend this phase. 

• On-call calculations in the framework of the 
STARS project have been used to modify the 
feedwater system of the Leibstadt NPP. The 
modification has been subsequently confirmed 
during a turbine trip. 

• An international consortium has been established 
for the ARTIST project (aerosol behaviour in the 
case of steam generator tube rupture). First tests 
showed higher aerosol retention than expected. 

• The MEGAPIE project remains ongoing, and plans 
for post-irradiation examination (PIE) have now 
been established. Investigation of the leak which 
occurred in the LISOR loop in the Hot Lab has 
positively identified the cause of failure. 

• PSI's contribution to the China Energy Technology 
Programme has been completed and documented. 
Among other results, the programme provided 
evidence for lower total costs (including 
externalities) by using "clean coal" technologies. 

In parallel, and to assure continuation of the 
successful collaboration with the European research 
programmes, NES has participated in 27 "Expressions 
of Interest" for Integrated Projects and Networks of 
Excellence within the 6th EU Framework Programme. 

Common position adopted by PSI and the FIT 
Board in regard to Swiss participation in GIF 

• PSI considers that nuclear energy in 
Switzerland cannot be abandoned, either for 
economic or ecological reasons. However, it 
can only play a part in the future if it is further 
developed (in an international framework). 

• PSI accepts the goals of GIF—more 
sustainable fuel cycle, increased safety, 
economics and resistance to proliferation—and 
focuses its contributions on the reduction of 
radioactive waste, and further increase in plant 
safety. 

• PSI is committed to follow actively current 
trends in nuclear energy production, its further 
development at an international level, and the 
fostering of young specialists. 

• PSI does not intend to further reduce funding in 
the field of nuclear energy. The NPP operators 
support PSI's involvement in research work 
within the GIF framework without, however, 
committing themselves in regard to the 
possibility of constructing new plant, even less 
to a particular reactor type. 

• Along with its proven skills in nuclear 
technology, and its first-class nuclear facilities 
(i.e. the Hot Lab and PROTEUS), NES can 
contribute to other related projects (e.g. 
MEGAPIE), and PSI's large facilities (SLS, 
SINQ). 

• PSI's participation in GIF takes into account its 
(financial) possibilities, the use of existing 
facilities, the compatibility of running research 
programmes alongside its obligations, and the 
scientific challenges within its research 
priorities. 

On the operational level, the year 2002 was marked 
by a series of significant events: 
• The Federal Institutes of Technology, to which PSI 

belongs, have drawn up strategic plans for the 
years 2004-2007. The proposed PSI contributions 
have been accepted by the FIT Board. The 
planning document is currently in circulation for 
comment. 

• PSI has updated its "Guiding Principles" to include 
its own research capabilities, in particular in regard 
to sustainable energy technologies. 
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• At the end of an intensive "bottom-up approach", 
an R&D planning document for the year 2003 has 
been issued for the first time by NES; this exercise 
should be formalised in a more compact form in 
the future. 

• Backfitting of the Hot Lab has been completed in 4 
years, at a cost of 14 MCHF (compared with the 
initial estimates of 3 years and 9.8 MCHF); the 
NPP operators have agreed to contribute to the 
Hot Lab infrastructure costs to the extent of 3 
MCHF per annum. 

With regard to education and training, in view of the 
necessity to maintain a continuous education 
programme in nuclear technology at university level, 
the Swiss utilities have conditionally agreed, following 
the retirement of Prof. Yadigaroglu, to fund an ETHZ 
Chair in Nuclear (Systems) Engineering. The 
appointee will become a central part of the new 
Master of Nuclear Engineering programme, to be 
offered by ETHZ and EPFL, and will be given the 
opportunity by NES to perform large-scale research at 
PSI. The new Masters programme will become an 
integral part of the emerging European Network on 
Nuclear Energy (ENEN). 

At the technical teaching level, PSI's own Technical 
School for reactor operators has, after some years of 
reduced participation, again registered an increase in 
the number of students: in 2002, courses had to be 
offered on an annual basis, instead of every 2 years, 
in response to the increased demand. 

Strategic options for the future 

As expressed in the joint position of PSI and the FIT 
Board (see box), the value of nuclear energy research 
is being recognised both within PSI and the FIT 
domain, and its scope should, therefore, remain 
stable. This is not, however, the opinion of the Federal 
Commission for Energy Research (CORE), which 
questions, in principle, the necessity for future-
oriented nuclear research, and recommends a focus 
on safety issues relating to existing NPPs and waste 
management, and further recommends a reduction in 
public funding. An extensive presentation of PSI's 
nuclear research programme, and discussions with 
CORE members, has already taken place. Further 
clarification will be forthcoming on the occasion of the 
Energy Conference, in November 2003. 

The climate for nuclear energy remains stormy and 
uncertain. Following a vote at Cantonal level, the 
licence for an exploration tunnel at the Wellenberg 
site, with a view to a future repository for low and 
intermediate level waste, was denied, resulting in a 
political dead end. The new Atomic Law is still under 
parliamentary discussion, and will probably be subject 
to a referendum at the beginning of 2004. Two anti-
nuclear initiatives, one requiring a phase-out of 
nuclear energy in Switzerland, and the other an 
extension (under more stringent conditions) of the 
existing moratorium, will be presented for popular vote 
in May 2003. 

dealing with generic research issues, strengthening 
the networking within PSI, and implementing a new, 
major activity in the framework of an international 
collaboration. The former featured in PSI's general 
discussions concerning the future use of its large 
facilities for its own research purposes, the conditions 
for the latter being established through the admission 
of Switzerland in the Generation IV International 
Forum (GIF) 

Basic assumptions 

It is assumed that the Hot Lab is itself one of PSI's 
large facilities, and thereby warrants what may be 
called "adequate care". Though NES increasingly 
uses the spallation source SINQ and the synchrotron 
light source SLS, its research and its raison d'etre are 
not exclusively defined in terms of these facilities. 
Rather, NES continues to follow its guiding principles, 
which include contributions to the safe operation of 
the Swiss NPPs, the safe disposal of radioactive 
waste, and keeping the nuclear option open for the 
future. Essential elements in this line are maintaining 
its own assessment capabilities, and fostering the 
next generation of nuclear specialists, both through 
participation in future-oriented research, and 
appropriate use of its own "large" facilities. In doing 
so, the success and quality criteria adopted at PSI 
(among other things, providing world-class 
contributions in "niche" areas), and the Swiss-specific 
co-operation and financing approach (i.e. close 
collaboration between utilities, regulators and the 
research community: the so-called "tripod") remains 
valid. 

These basic assumptions and boundary conditions 
lead to the following conclusions: 
• The backfitting of the Hot Lab must be completed 

and consolidated. The satisfaction of clients must 
increase, the analytical tools must be kept state-of-
the-art, and mechanical testing of active materials 
must be implemented. A decision on a more 
fundamental backfitting, or the building of a new 
Hot Lab, must be taken around 2010. 

• With regard to PSI's other large facilities, NES 
participation in the MEGAPIE project (materials, 
thermal-hydraulics, PIE) will continue. The SLS 
MicroXAS Beamline will be commissioned, and be 
operated both for our own research (LES, LWV), 
and for non-NES users. 

• With regard to NES's own large facilities, the 
PROTEUS strategy for the next few years focuses 
on LWR and Next-Generation Water Reactors; a 
backfitting of the PROTEUS l&C system will take 
place in 2005. For PANDA, it is necessary to 
develop a strategy for the time following 
completion of the OECD-SETH project (beyond 
2006). The DRAGON/ARTIST facility is soundly 
embedded in international projects until 2008. 

• International Networking will be realised primarily 
in the framework of new initiatives: i.e. within GIF 
(new) and the 6th EU FWP (continuation). 

In these, still difficult, times, greater flexibility and 
robustness are necessary, and sought after, through 
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Swiss participation in GIF 

The following reactor systems were selected as 
promising candidates for implementation around 
2030: 
• Gas-Cooled Fast Reactor (GFR) 
• Molten Salt Reactor (MSR) 
• Sodium Liquid-Metal Cooled Reactor (Na LMR) 
• Lead or Lead-Bismuth Cooled Reactor (LFR) 
• Supercritical Water-Cooled Reactor (SCWR) 
• Very High Temperature Reactor (VHTR) 

As selection criteria, the following goals have been 
identified by consensus: 
• Sustainability of fuel cycle (resources, waste) 
• Safety and reliability (no need for external 

emergency planning) 
• Economics (cost advantage, low financial risk) 
• Robustness against proliferation and terrorism 
• Missions (in regard to power generation, hydrogen 

production, high-temperature process and heat, 
actinide management) 

• Unit size (small, medium, large) 
• Expected R&D costs. 

With regard to potential contributions, the NES 
Scientific Committee (NES FoKo) recommended that 
PSI should not focus on a specific GIF system, but 
continue to devote a considerable part of its resources 
to LWR technology. Further, though gas-cooled 
concepts seem to be the most interesting, PSI should 
mainly address cross-cutting issues; e.g. materials. 

After the scope of the individual GIF R&D 
programmes was defined in more detail in November 
2002, possible Swiss contributions were identified and 
proposed. These focussed on ceramics and super-
alloys for the VHTR (helium outlet temperature 950°C 
to 1150°C). Participation in R&D projects for cladding 
and other structural materials, at high temperatures in 
an irradiation field, and with different (cooling) media, 
is also possible. Further contributions are expected 
from NES's research on validation of CFD codes, and 
safety analyses for the SCWR (thermal). 

New focal point "NES 2005" 

Parallel to the considerations regarding GIF 
participation, and departing from the aforementioned 
"bottom-up" process, discussions have also taken 
place on the possibility of a new focal point for 
research in NES, to be fully established around the 
year 2005. By mid-September 2002, sketches of the 
proposals had been formulated, and subsequently 
discussed by the NES-FoKo. The assessment criteria 
for this new focal point were scientific quality and 
innovation, the potential for networking within PSI, the 
potential for embedding our work in external 
frameworks (in particular GIF and EU FWPs), and the 
attractiveness to young specialists. 

The NES-FoKo recommendations are: 
• The proposed restart of activities to fast spectra 

(FAST) emphasise too strongly on ADS and Pb/Bi-
cooled systems. The proposal should be revised in 

the sense of "more reactor", and resized so that no 
redistribution of resources becomes necessary. 

• IMF activities should be "rounded-up" with an 
irradiation at the Beznau NPP, provided the 
partners are willing to finance a large part of the 
project in the sense of technology transfer. 

• Long-term field experiments in excavation-
damaged rock zones are premature in the light of 
the current state of the waste disposal scene in 
Switzerland. 

• An XAS and XRF beamline on a high-field bending 
magnet at the SLS facility is relevant for future 
research. However, being a "workhorse" is not 
unique in Europe: such a beamline should be 
financed by its users. 

Following the recommendations of the NES FoKo, 
NES decided to concentrate its efforts on two issues: 

• High-temperature materials The main issue will be 
damage evolution in HT-Materials (metals, 
ceramics and composite structures) under 
irradiation, temperature and mechanical loading. 
In-situ mechanical testing under temperature and 
irradiation is foreseen, followed by micro-structural 
analyses in the Hot Lab, and at SINQ and SLS. 
From today's perspective, this activity is estimated 
at about 5 MCHF over 5 years, out of which about 
1.5 MCHF is needed for new investments and 
irradiation. As "seed money" for this activity, part of 
NES's reserve of external funds will be used. 

• Liquid-metal technology The issue here is the 
interaction of liquid metals with structural materials 
under SINQ conditions, as well as in Pb/Bi-cooled 
ADS and critical reactors. The aim is to select and 
characterise a series of materials, in particular in 
regard to determining their properties, and their 
deterioration with time and as a result of 
irradiation. Further studies of heat transfer in liquid 
metals, measurement techniques, and validation of 
CFD codes are also foreseen. Finally, there is a 
possibility for in-situ fatigue and creep tests in a 
liquid-metal environment under high temperature 
conditions. This work is embedded within the 5th 

and 6th EU-FWPs and the MEGAPIE consortium. 

Conclusions 

Between 70% and 80% of nuclear energy research at 
PSI will remain focused on its primary mission: the 
safety of existing NPPs, and the safe disposal of 
radioactive waste. Future-oriented research should be 
strengthened, and increasingly oriented towards 
(generic) materials research (HT-materials, LM-
technology). 

As a general remark, it should be noted that 
contradictory and unforeseeable times require high 
vigilance and higher robustness of nuclear energy 
research with regard to external conditions. Swiss 
nuclear energy research remains, however, in good 
shape. It makes leading contributions in many key 
areas, thereby enabling Swiss participation in major 
international endeavours. It is necessary to do 
everything possible to maintain this position, and to 
cultivate new perspectives. 
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OVERVIEW OF MAIN ACTIVITIES 

K. Foskolos, W. Kroger 

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 or start-up phases. While NES is encouraging a networking of its activities, both 
within the Department and throughout PSI (e.g. through its involvement in the MEGAPIE project), most of 
the projects are the prime responsibilities of distinct organisational units (Laboratories) within NES. This 
basis forms a well-defined scientific focus for the projects, each requiring particular expertise and 
specialised equipment or facilities (see the organisation chart at the end of this overview). 

COMPREHENSIVE ASSESSMENT OF ENERGY 
SYSTEMS 

Activities in the framework of the China Energy 
Technology Programme (CETP) were finalized in 
2002. During this year, the GaBE team, supported by 
its research partners, developed an integrated 
software tool for high-level and medium-level 
decision-makers and other users (engineers, 
environmental experts and academics). This tool 
provides ready access to CETP results and insights, 
and includes advanced analytical options for exploring 
specific issues. 

The software comes in the form of a DVD, and 
includes a movie about CETP, background 
information on CETP and China, core information on 
individual tasks, methods, data and results, and 
interactive tools for their exploration and decision-
support functions (see Fig. below). The information is 

Overview 

I t CETP fVfovie 

presented in a hierarchical manner, allowing users to 
choose the level of detail most appropriate to their 
backgrounds and interests. 

Some task representations also have special features, 
including extended analytical capabilities. For 
example, within the Environmental Impact 
Assessment task, a tool enables, for a variety of 
power plant sites, impacts to be simulated 
interactively, and the corresponding external damage 
costs to be estimated. For each site, the user can 
select from several generation technologies, establish 
basic plant characteristics, and choose emission 
abatement levels for major air pollutants. Based on a 
parametric model, the estimation of damage due to 
pollution is made within seconds, compared to the 
hours needed for the underlying full-scale simulation. 

The multi-criteria-based, decision-support module 
generates and presents ranking results in an 

— * 

Background 

Core Research Presentation 
a : >1 

Guided EMpIoration of 
Project and 
Cone lus ions 

Interactive Exploration 

Shandong Electricity I 
Options Ranking i 

© 

• • • 

w y y y hi. 

Technical tasks: Methodology, Data and Results 

fcfc T i * : i 

S J L t l 
o o 

Examples of assessments 

Above: Simulation of impacts of 
airborne pollutants released from 
power plants in Shandong; reduction 
of mortality by abatement systems 

Left Power technology ranking based 
on multi-criteria decision analysis and 
example preference profile. 
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interactive, graphical form. Aggregated CETP results 
for a range of criteria are combined with the user's 
input on criteria weights to produce a ranking of either 
single technologies or combinations of technologies. 
The user can establish the best possible options 
against different stakeholders' preferences, based on 
their economic, ecologic and social perspectives. 

LWR-PROTEUS 

Phase II of the LWR-PROTEUS project is related to 
high-burnup LWR fuel discharged from the Swiss 
NPPs, and includes experimental reactor physics as 
well as detailed chemical analysis. One of the most 
important reactor physics quantities investigated in 
Phase II is the reactivity of burnt fuel, as an integral 
measure of the ability of the fuel to maintain a neutron 
chain reaction in the reactor. The reactivity decreases 
monotonically with burn-up because the fissile 
material is consumed, and because neutrons are 
increasingly captured in newly created species 
(actinides, fission products). The extent to which burnt 
fuel can continue to reside in the core depends on the 
core reactivity; accurate knowledge of the reactivity 
level thus largely determines the cycle length and fuel 
performance. 

Fig. 1: PWR mock-up used for reactivity measure-
ments (samples placed at its centre). 

In 2002, two experiments were carried out with special 
fresh-fuel samples, and two more with burnt-fuel 
samples from the Gosgen NPP. PROTEUS has been 
reconfigured by replacing the SVEA-96+ fuel 
assemblies with OPTIMA assemblies from the 
Leibstadt NPP. The central test mock-up (an array of 
11x11 PWR fuel rods, see Fig. 1) was investigated in 
two different states of moderation: one with full-
density light water (demineralised H20), and one with 

a mixture of light and heavy water (H20-D20) to 
simulate moderating conditions at full power in a 
PWR. The burnt-fuel samples were transported from 
the Hot Lab to PROTEUS by means of a specially 
designed and constructed combined container/sample 
changer, which allowed the simultaneous transport of 
a number of samples and their subsequent insertion, 
one at a time, into the central PWR mock-up zone. 

A typical reduction in multiplication factor due to burn-
up of an idealised system consisting of an infinite 
array of U02 fuel rods with 5wt% initial 235U 
enrichment is depicted in Fig. 2. The same Figure 
shows a preliminary comparison of calculated 
(BOXER) and measured reactivity differences 
between burnt U02 and MOX samples at different 
burn-up levels, and that of a reference fresh sample. 
The results suggest that the reactivity loss is more 
difficult to predict for MOX than for U02 fuel, and more 
difficult for higher than for lower burn-up levels. 

In addition to the reactivity measurements, chemical 
analysis of complementary fuel segments has begun, 
and neutron radiography of the special fresh pellets 
has been carried out. In 2003, new experimental 
windows are planned, including a new moderation 
condition (borated water), higher burnup U02 and 
MOX PWR samples, and two BWR samples. 

0.93 1 1 1 1 1 1 1- 0.6 
20 30 40 50 60 70 80 90 

Burnup [GWd/t] 

Fig. 2: Typical reduction in multiplication factor due to 
burn-up, and preliminary comparisons of 
calculation/experiment (C/E) reactivity worths. 

STARS 

The recent investigation of the behaviour of the feed-
water system following a turbine trip event in a BWR 
very well illustrates the capability of the STARS 
project in providing high-quality scientific services to 
the Swiss nuclear industry. 

The following transient scenario was analysed. The 
feed-water system undergoes a depressurisation 
transient following a turbine trip because the steam 
flow used to heat up the condensate reduces to zero. 
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Eventually, if the depressurisation rate is too large, 
feed-water pump-head degradation may develop due 
to cavitation, with the potential risk of a low-level 
SCRAM. Hence, the goal of the planned plant 
modifications, to which the STARS project contributed 
analytical support, is to avoid cavitation of the feed-
water pump by reducing the depressurisation 
transient. 

In order to calibrate the very detailed model of the 
feed-water system, a previous turbine-trip event was 
analysed for which the degradation of the pump head 
of one of the feed-water pumps was identified as the 
key phenomenon. Modelling requires accurate 
prediction of the pressure in the feed-water tank. 
Given that measured data to define the boundary 
conditions to the model are scarce, significant effort 
was exercised in explaining the measured 
depressurisation. Onset of pump-head degradation 
could be well captured compared with measured data 
by assuming the presence of a layer of slightly super-
heated water at the bottom of the (very large) tank. 

Possible modifications of the plant control system, and 
sensitivity to key parameters, have been explored 
using the calibrated model, and recommendations 
have been made. A new turbine trip test conducted 
last fall confirmed the success of the proposed 
modifications to the plant control system in that, as 
planned, no pump-head degradation was observed. A 
detailed analysis of this new test is currently 
underway. 

It should be noted that, for the first time, the project 
provided results that have been directly used to 
develop and support plant modifications. The positive 
outcome of the last plant test underlines the high 
quality of the analytical work. This has only been 
achieved because the theoretical limits of the applied 
analytical tools are now very well understood, so that 
the effects of known code deficiencies could be 
adequately factored into the analysis of the 
complicated phenomenology. The study also helped 
in itself to identify certain code deficiencies; these are 
currently being addressed. 

Human Reliability Analysis (HRA) 

The potential scenarios with human "errors of 
commission" identified in the recent work of the 
project have highlighted the importance of dynamics 
in the evolution of accident scenarios. Possible human 
errors, and their estimated probabilities (the products 
of the HRA that are used within probabilistic safety 
assessment to calculate the overall safety of the 
plant), can be sharply sensitive to such dynamics. 

The development of simulation-based tools, with 
which the coupled responses of the plant, the 
automatic systems and the operators can be jointly 
modelled, derives from these considerations. For the 
scenarios most problematic in terms of dynamics, a 
dynamic safety assessment, based on an extended, 
discrete dynamic event-tree framework, represents a 
more ambitious and long-term undertaking. 

With this perspective, cooperation with the University 
of Maryland was established in order to work jointly on 
the analysis of the dynamic aspects of Pressurised 
Thermal Shock (PTS) scenarios, and the development 
of appropriate tools and frameworks. Key parameters 
in the PTS event are the excessive rate of cool-down 
of the reactor, re-pressurisation of the vessel, and the 
duration of the adverse conditions. 

First successful runs of a dynamic PSA (dynamic 
event tree) model for a Main Steam Line Break 
scenario have recently been obtained. The model 
uses RELAP to calculate the response of the plant 
and its automatic safety systems, and incorporates a 
model of the operating crew, and a Probabilistic 
Fracture Mechanics (PFM) model. The PFM model 
calculates the conditional probability of vessel 
cracking resulting from the plant-operator response in 
each scenario evolution. 

The dynamic PSA platform can treat more closely the 
inter-dependence between the operators' and the 
plant's responses. This translates into better 
predictions of the sequence and timing of the operator 
actions, which directly impact the threat posed by the 
PTS event. To achieve this, the dynamic event tree 
model requires models of key operator decisions, as 
well as the likely courses of actions, and their 
alternatives; this characterisation and modelling is a 
central focus for current research. 

Despite its costs in terms of analytical and modelling 
complexity, dynamic safety assessment may, in the 
future, provide capabilities for a more realistic 
treatment of the interaction between operator action 
and plant response. 

ALPHA 

Various experimental and analytical investigations of 
passive decay heat removal systems, and their 
components, have been performed in the past in the 
framework of the ALPHA Project. In particular, the 
feasibility of several passive cooling system concepts 
have been demonstrated at large-scale in the PANDA 
facility. Most investigations were related to postulated 
design-basis accidents, and were studied with regard 
to the particular physical phenomena observed. The 
numerous accompanying analytical investigations, 
which were carried out both within PSI and in the 
context of international projects, identified certain 
code deficiencies in predicting the system behaviour 
for situations where non-homogenous gas distribution 
plays a significant role. This is particularly true in the 
case of the presence of light, non-condensable gases: 
e.g. hydrogen, which is released as a consequence of 
a (postulated) severe accident involving core 
degradation. For such situations, a more detailed, 
three-dimensional treatment of various phenomena 
(e.g. jet and plume behaviour) is required to 
accurately predict the resultant system behaviour. 

As part of the TEMPEST project (5th EU FWP), the 
performance of the ESBWR Passive Containment 
Cooling System (PCCS) in the presence of non-
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condensable gases (in particular helium as a simulant 
for hydrogen) has been experimentally investigated in 
PANDA. In addition, the impact of a new accident 
mitigating design feature — the Drywell Gas Re-
circulation System (DGRS) — on the long-term 
containment behaviour has been examined. 

The function of the DGRS is to mitigate system 
pressure build-up by the operation of a vent fan, which 
feeds non-condensable gases from the PCCS back to 
the Drywell instead of discharge to allowing them to 
the Wetwell gas space. The ultimate goal of the four 
tests with the injection of a large amount of He was to 
investigate in detail the relevant phenomena, and to 
provide a database to assess the capability of 
advanced containment and CFD codes to predict the 
containment behaviour under such conditions. 
Accordingly, the already extensive PANDA 
instrumentation was improved in regard to the spatial 
resolution of the temperature measurements, mainly 
in the Drywell. Part of the instrumentation upgrade 
was the installation of a gas-concentration 
measurement system, in which capillary tubes 

continuously sample gas from various locations, and a 
mass spectrometer is used to provide time histories of 
the gas molar fractions (air, He and steam) at each 
measurement location. 

Figure 3 shows the containment response in three 
different tests with the same PANDA configuration. 
Test T2.2 is a simulation of the base-case, design-
basis-accident transient (Main Steam Line Break), 
including the effect of the DGRS (started at about 
22 000 seconds). In addition, Tests T1.1 and T2.1 
simulate core overheat, starting at 10 000 seconds, by 
the injection of a large amount of He (to simulate H2 
release through zirconium/water interaction) over a 
period of two hours. The graph shows the initial, rapid 
pressure increase due to the He injection, and its 
subsequent stabilisation, about 3000 seconds after 
the end of the injection phase for both tests. There is 
only a moderate influence of the DGRS on the system 
behaviour, in that some of the He remained in the 
Drywell during Test T2.1 resulting in a system 
pressure reduction of about 0.3 bar. 

Time (s) 

Fig. 3: Containment system pressure for Tests T2.2, T1.1 and T2. 1. 

With the improved instrumentation, a clear picture of 
the gas distribution, mixing and stratification 
phenomena in the Drywell vessels (including the 
propagation of the stratification front and related 
phenomena) could be obtained. The experimental 
results are currently being used for code-assessment 
activities. 

Severe Accident Research 

Typical of actual reactor containment conditions, the 
gas circulation velocity in the PHEBUS containment (a 
1:5000 scale test facility at CEA Cadarache, France) 
is of the order of several tens of centimetres per 
second, and hence much in excess of the settling 
velocities of the largest expected aerosols (1 mm/s for 

particles of 5 |jm diameter). Consequently, it is, 
anticipated that airborne fission-product particles 
would circulate around with the gas in the containment 
volumes rather than settle under the influence of 
gravity, as is usually assumed in lumped-parameter 
containment codes such as CONTAIN. 

Consequently, there is, a need to assess the 
controlling phenomena for aerosol deposition using a 
more rigorous treatment of the forces acting on the 
aerosol particles than used hitherto. In particular, 
analyses are required to determine the relative 
magnitudes of inertial impaction and gravity settling. 
An open question is whether there is a fluid-dynamics-
controlled mechanism for aerosol deposition on 
vertical dry walls. To simulate particle motion in the 
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PHEBUS containment, it was necessary to know the 
gas velocity field, and the CFD code CFX-4 was used 
to determine it. The model was a 1/6th sector of the 
containment vessel, and consisted of 46 000 
computational cells (Fig. 4). Particle tracking was then 
performed in a post-processing mode, based on the 
steady-state flow field. 

A total of 117 particles, representing a reasonable 
statistical sample, were assigned random starting 
positions in the flow domain, and then tracked. A side 
view of a typical particle track is shown in Fig. 4. The 
particle follows the flow streamlines until it reaches a 
location (in this case, the sump) where its inertia is too 
large to allow it to move further, and it impacts on the 
vessel wall. 

The times required for such particles to deposit vary 
considerably, depending on their initial positions. The 
calculations reveal that impaction times range from a 
few seconds to 2.7 hours, with a mean value of about 
40 minutes, which is of the same order as the 
experimentally determined value of 60 minutes. The 
computation also indicates that 75% of the particles 
deposit on the lower surface of the containment (i.e. 
the sump and the floor), which is also consistent with 
experimental data. 

Contrary to lumped-parameter containment codes, the 
use of CFD techniques enables both the physical and 
quantitative features of the deposition process to be 
captured. These encouraging results have provided 
incentives for performing further detailed studies. 
Planned future efforts include simulation of the full 
PHEBUS containment geometry (instead of the 1/6th 

sector), and the investigation of particle behaviour in a 
time-dependent flow field. 

Starting §« t 

CXftdeLjer 
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Fig. 4: The computational mesh used for the 1/6th 
model of the PHEBUS containment, and a 
side view of a typical particle track. 

Advanced Fuel Cycles (AFC) 

One of the main activities within the AFC project is the 
fabrication of various geometrical forms of MOX fuel 
with 20% Pu, which is required for the FUJI project. 
This collaboration between PSI, the Japan Nuclear 
Cycle Development Institute, JNC, and the Dutch 
Nuclear Research and Consultancy Group, NRG, is 
directed towards the testing and comparing of 
different types of fuel, with a view towards later 
utilisation in the Japanese fast reactor programme. 
PSI provides its experience in fuel fabrication by the 
Sol-Gel-Method, and NRG its irradiation facilities at 
the High-Flux-Reactor in Petten. The experimental 
laboratory work started at the beginning of 2002, after 
the refurbishment of the PSI Hot Lab. As a first 
priority, fuel fabrication tests were performed with 
different fuel shapes, namely pellets, microspheres, 
and vipac particles. 

The pellet fabrication tests were successfully 
completed, including the adjustment of the sintering 
conditions, to achieve the required low oxygen-to-
metal ratio of 1.97, typical for fast reactor fuel. In 
addition, pellet fuel for the irradiation tests could be 
fabricated up to the end of 2002. The fabrication tests 
for the vipac particles were also successfully 
completed. This was the first time PSI had produced 
such fuel using a fabrication process which involved 
pellet pressing, crushing the green pellets, and 
sintering the granules. Figure 5 confirms the 
satisfactory shape of the granules obtained by this 
method. Series fabrication of the vipac fuel for 
irradiation will take place in January 2003. 

7PM-V601-S 0 106-0 250 mm SB-0X51S 14 07 08 2002 HP43 

Fig. 5: MOX vipac particles of different size fractions 
produced at PSI. 

EDEN 

The properties of irradiated austenitic weldings are 
important for lifetime assessments of reactor internals 
in Light Water Reactors (LWRs). Typical weldings 
between the standard austenitic steels 304 and 347 
are being studied as part of the project INTERWELD 
(5th EU FWP). The mechanical properties, the 
microstructure, and the residual stress distributions in 
the welds (base metal, heat-affected zone) are being 
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investigated at PSI in regard to stress/strain response, 
TEM characterization, and neutron diffraction. 

Figure 6 shows a comparison of the microstructures 
both near the fusion line, where heavily deformed 
areas and re-crystallised grains can be seen, and 
away from it. The structural differences lead one to 
expect an increase of yield strength in this area 
compared with the unaffected base metal, a 
circumstance which could be experimentally verified. 

First stress measurements with neutron diffraction 
reveal the presence of high residual stresses, which 
might be a direct consequence of the very 
pronounced differences in the actual microstructure. 

The deformation behaviour has also been 
investigated. Twinning was identified as an important 
deformation mechanism at room temperature. At 
elevated temperatures (i.e. 300°C), on the other hand, 
mainly dislocation glide was found. No strain-rate 
sensitivity could be detected. During the next stage of 
the study, irradiated material will be investigated. 

Fig. 6: Microstructure close to (left) and away from 
(right) the fusion line. 

Structural Integrity 

Degradation of nuclear materials can decisively affect 
the performance and operational lifetime of NPPs. 
Monitoring of material degradation is a new trend, and 
aims at setting up a methodology for a physics-based 
lifetime assessment of nuclear plant components. The 
technology includes the discovery of indications for 
ageing in the microstructure of materials, and 
measurement of the influence on the mechanical and 
physical properties. The technical goal comprises the 
development of a lifetime monitoring system, 
applicable to a certain class of materials. Austenitic 
stainless steels subjected to cyclic loading exhibit 
microstructural changes before macroscopic crack 
initiation begins. For certain loading and temperature 
conditions, a deformation-induced martensitic phase 
transformation during fatigue has been observed. 

In the investigations carried out at PSI, it was found 
that, for the given loading and material conditions, the 
volume fraction of martensite depends linearly on the 
cycle number (lifetime) of the applied load. 
Consequently, the deformation-induced martensite 
was used to determine the usage factor of fatigue 
degradation. Furthermore, it was shown that the test 
temperature had a strong influence on the course of 

the transformation. It was found that, in the 
temperature range 30-300°C, the temperature 
dependence of the deformation-induced martensite 
could be described by an exponential decay function. 
Since the initial material state plays an important role 
for the martensite formation rate, the dependence of 
the martensite content on the cycle number was 
determined for two different material states. 
X-ray diffraction experiments using synchrotron light 
sources performed at ESRF Grenoble have enabled 
the martensite distribution at the surface of the fatigue 
specimens to be analysed. Figure 7 shows the 
martensite distribution in the longitudinal cutting plane 
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Fig. 7: Martensite distribution in the longitudinal 
cutting plane of a fatigue specimen, as 
measured by X-ray diffraction. 

of a specimen fatigued to crack initiation. It was 
observed that martensite was formed mainly in the 
centres of the specimens, and in the crack areas. 

The volume fraction of martensite was determined by 
neutron diffraction and advanced magnetic methods. 
Neutron diffraction appeared to be the appropriate tool 
to serve as a calibration method for the martensite 
content in the bulk of the fatigue specimens. In order 
to establish the correlation between martensite 
content and magnetic properties, the magnetic 
susceptibility was measured. For given loading and 
material conditions, a linear relationship was found 
between the magnetic susceptibility and the number 
of cycles. In addition, a highly sensitive Giant Magneto 
Resistant (GMR) sensor was used to visualise the 
martensite. Figure 8 gives an example of the 
martensite distribution at the surface of a fatigue 
specimen showing a technical crack. A non-
homogeneous distribution of the martensite at the 
surface may be observed, whereas in the bulk the 
martensite is concentrated in longitudinal streaks. 

Waste Management 

The waste management R&D at PSI plays an 
important national role by supporting the Swiss 
Federal Government and Nagra in their tasks to safely 
dispose of nuclear wastes from medical, industrial and 
research applications, as well as those from the Swiss 
NPPs. The activities are in fundamental repository 
chemistry, chemistry and physics of radionuclides at 
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solid/liquid interfaces, and radionuclide transport and 
retardation in geological media and man-made 
repository barriers. The work is a balanced 
combination of experimental activities in dedicated 
radioactive laboratories, at large facilities, such as 
synchrotrons, in the field, and in theoretical modelling. 
Current efforts are directed towards repository 
projects, and the results find ready application in 
comprehensive performance assessments carried 
through by Nagra. 

Fatigue specimen P16, D=1 (Martensite 8.58 SINQ) 
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Fig. 8: Martensite distribution at the surface of a 
fatigue specimen measured by a magnetic 
GMR sensor. 

In 2002, emphasis was placed by Nagra on 
finalisation of the contributions to the Demonstration 
of Disposal Feasibility Study in the Opalinus clay of 
the Zurcher Weinland. This study by Nagra deals with 
the long-term safety of a repository for spent fuel, 
vitrified high-level and long-lived intermediate-level 
waste, and recommendations were submitted to the 
Swiss regulatory authorities in December 2002. 

The evaluation of the solubilities and sorption 
distribution ratios of relevant radio elements 
constitutes a milestone in efforts over many years, 
and is a good example on how progress in 
understanding of basic mechanisms has an impact on 
performance assessment. The in-built conservatism of 
previous assessments has been reduced 
considerably, and the overall picture has moved 
towards greater realism. 

Figure 9 presents the distribution ratios for sorption on 
bentonite backfill (MX-80), which consists 
predominantly of montmorillonite. For most elements, 
the distribution ratios are now predicted to be 
considerably higher, and hence the mobility 
correspondingly lower, than had been assumed in 
previous performance assessments — in this 
comparison, for the Kristallin-I Study of 1995. In 
addition, it has been possible to define an expectation 
value together with uncertainty bars, whereas 
previously the range of the distribution ratio was 
given, somewhat subjectively, by so-called realistic 
and pessimistic values. 

The reduction of predicted mobility results from the 
combined effects of better understanding of sorption 
mechanisms, new results from both in-house 
measurements and the literature, and a novel method 
to derive sorption in compacted clay material from 
measurements in diluted systems. A few of the 
sorption distribution ratios could be validated by 
independent, dynamic diffusion experiments. It is the 
task of future work to strengthen this validation basis, 
and to reduce uncertainties by developing better 
understanding of compacted clay systems. 

MX-80 BENTONITE SORPTION VALUES 

Np 
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Fig. 9: Sorption values in Bentonite MX-80. 

Use of Large PSI Facilities 

In 2002, the work in the microXAS beamline project 
focused on the finalisation of an optical layout 
designed as an analytical facility dedicated to 

synchrotron-based, micro-beam X-ray absorption 
spectroscopy (XAS). The optical concept is optimised 
towards micro-focusing (-1x1 |jm2), with the possibility 
for sub-micron spatial resolution. Within this project, a 
new technique to produce hard X-ray pulses of 
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approximately 100 femtoseconds duration will also be 
implemented. As a result, time-resolved studies with a 
resolution of -100 femtoseconds will become feasible. 
The microXAS beamline will be located in a long, 
straight section (X05L) equipped with a radiator and 
modulator. A mini-gap, in-vacuum undulator (U19) 
serves as the radiation source, and will provide high 
brightness X-rays in the energy range 5 to -20 keV. 
The front end includes SLS standard radiation safety 
equipment, as well as an aperture and slit system, to 
reduce bremsstrahlung and total radiation power. 
Since X-ray satellites (created by the laser-electron 
beam interaction in the modulator) in the FEMTO 
mode have an angular offset of 0.5 mrad with respect 
to the undisturbed beam, the proposed set-up will 
allow the main X-ray pulse to be blocked. 

After a travel distance of -21 m from the mid-point of 
the straight section, the X-rays pass a toroidal mirror 
in the shielded optics hutch. This water-cooled device 
is operated in grazing-incidence mode, dynamically 
bent, and produces a horizontal 1.4:1 focusing and 
collimation of the beam in the vertical direction. The 
current design foresees an additional water-cooled 
mirror at -22.5 m, which will be evaluated for future 
FEMTO applications. 

Since windowless operation is required for the 
FEMTO project, a vacuum scheme, including 
differential pumping, is being considered. The beam 
will be energy-filtered by a Double Crystal 
Monochromator at -27 m. The fixed-exit 
monochromator will be equipped with two sets of 
monochromator crystals, namely Si(111) and Si(220), 
and can also be operated for "pink beam" mode. A 
water-cooled beam and bremsstrahlungs-s\op is 
necessary to protect the downstream equipment. 
Before entering a Kirkpatrick-Baez (KB) mirror 
system, used for the final focusing of the X-ray beam, 
there is an intermediate focal point (virtual source) 

where the X-ray beam passes a dynamic 'roller-blade' 
slit system. 

After finalization of the optical layout, the work has 
focused on the elaboration of CAD construction plans, 
the evaluation of beamline components critical with 
respect to their technical requirements, and the costs 
and time schedule for the realisation of the project. In 
this context, the call for tenders (WTO) for the 
monochromator, the mirror, the insertion device, the 
front-end and the Pb-shielded hutches were all 
worked out. The offers were then evaluated, and 
contracts with manufacturers were subsequently 
placed. The first front-end components are currently 
being delivered, and will be installed at the beginning 
of 2003. It is planned that the monochromator be 
installed in early fall 2003. Due to the long delivery 
time of the mirror and the insertion device (up to 
18 months), installation of these components will take 
place at the end of 2003 or the beginning of 2004. 

National and International Collaborations 

All NES activities are intensively and specifically 
embedded in national and international co-operations. 
At least one of the two Swiss Federal Institutes of 
Technology (ETHZ, EPFL) is always a partner (often 
contractually), and all NES projects are contributing to 
one or more EU projects. All important European 
research organisations (CEA, FZJ, FZK, FZR, NRG, 
SCK, VTT, and the JRCs), as well as the most 
important ones in the USA and Asia (EPRI, CRIEPI, 
JAERI, KAERI), are direct partners in several projects. 
NES is a highly regarded and substantial partner of 
international activities within the IAEA and the 
OECD/NEA. On the industrial side, and along with the 
domestic utilities (UAK), all important reactor and fuel 
manufacturers (GE, Framatome-ANP, BNFL-
Westinghouse, Areva-Cogema, BN, JNC) collaborate 
with NES as paying partners. 
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RISK BENEFITS OF CLIMATE-FRIENDLY ENERGY SUPPLY OPTIONS 

S. Hirschberg, P. Burgherr 

One of the central goals of sustainable development Is the reduction of Greenhouse Gas (GHG) 
emissions. This Is needed In order to prevent the anticipated climate change, and the potentially serious 
consequences for human beings and the environment Energy supply systems constitute the dominant 
contributors to GHG emissions. This paper examines three Illustrative emission scenarios for world-wide 
energy supply In the 21st Century. These scenarios, Including the associated GHG and major pollutant 
emissions, were chosen from a set established by the Intergovernmental Panel on Climate Change 
(IPCC). Using the emissions as a starting point, and based on recent findings concerning the impact on 
the environment and the financial costs resulting from global climate change on the one hand, and 
regional air pollution on the other hand, the present work provides estimates of the scenario-dependent, 
world-wide cumulative damage. The fossil-intensive reference scenario leads to overall damages which 
correspond to very substantial losses in Gross Domestic Product (GDP), and which widely exceed the 
damages caused by the scenarios reflecting climate-friendly policies. Generally, the somewhat speculative 
estimates of the GHG-specific damages are much less significant than damages to human health and the 
environment caused by the major air pollutants. This means that the secondary benefits of climate-
friendly, energy-supply options, i.e. those which avoid the impacts due to air pollution, alone justify 
strategies protecting the climate. 

1 INTRODUCTION 

The Intergovernmental Panel on Climate Change 
(IPCC) concludes in its latest assessment report [1] 
that the Earth's climate system has changed, globally 
and regionally, with some of these changes being 
attributable to human activities. Carbon dioxide, 
surface temperatures, precipitation and sea level are 
all projected to increase globally during the 21st 

Century because of human activities. Models also 
project an increase in extreme weather events. 

Fossil energy systems are the dominant contributors 
to the emissions of major Greenhouse Gases (GHGs). 
At the same time, most currently used fossil systems 
emit large quantities of air pollutants, such as sulphur 
dioxide, nitrogen dioxide and particulate matter. The 
impacts associated with these emissions include 
health effects, manifested by millions of years of 
human life lost, and by degradation of the 
environment. Particularly in developing countries, the 
damage caused by air pollution is very extensive, and 
backfires on economic growth. As a result, the three 
pillars of sustainability — environmental, economic 
and social — are each strongly affected. 

The extended use of climate-friendly technologies is 
associated at least initially with increased costs. One 
additional benefit of such policies may be that not only 
are the climate-related risks being reduced, but there 
is also a simultaneous potential for mitigating the 
health and environmental impacts of air pollution. This 
may then constitute the main secondary benefit of the 
deployment of climate-friendly technological options. 
In fact, the reduction of air pollution, whose effects are 
here and now, is considered by many developing 
countries to be the primary benefit. Of main interest 
are strategies which lead to much improved air quality 
at a reasonably low additional cost, and which also 
result in reduced GHG emissions. Such scenarios 
may also exhibit one additional secondary benefit: i.e. 

reduction of the expected accident risks, another 
controversial issue in the energy policy debate. 

The present work addresses the costs of impacts 
caused by climate change and air pollution. More 
specifically, the benefits of averting the 'climate 
catastrophe', and simultaneously avoiding serious 
health and environmental effects, are estimated in 
monetary terms. The analysis covers damages world-
wide, and its time horizon is set at the end of the 21st 

Century. 

2 ENERGY SCENARIOS 

The most comprehensive state-of-the-art assessment 
of GHG emission scenarios, reported in [2], was used 
as the starting point in the present work. The 
scenarios provide the basis for future assessments of 
climate change and possible response strategies. The 
report shows that the choices of preferred energy 
technologies, along with energy conservation policies, 
have a decisive influence on the magnitude of future 
emissions. The characterization of scenarios supplied 
in [2] stops at the level of emissions; thus, no 
estimates of impacts or financial damage have been 
provided, though such estimates are necessary for 
cost-benefit considerations. 

Four scenario families, including in total 40 scenarios, 
have been developed. For the purpose of the present 
work, two scenario families (A and B1), and three 
associated "illustrative" scenarios, have been 
selected. 

"Family A scenarios" are characterized by rapid 
economic growth with substantial reduction of regional 
differences in per capita income, global population 
peaking in mid-century, but declining thereafter, and 
by rapid introduction of new and more efficient 
technologies. The two considered "illustrative" 
scenarios are: the fossil-intensive A1F1, and non-
fossil ("sustainable") A1T. 
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The "Family B1 scenario" is characterized by 
significantly lower growth than for "Family A", 
practically the same population pattern as A, rapid 
changes in economic structures towards a service and 
information economy with reductions in material 
intensity, and by forceful introduction of clean and 
resource-efficient technologies. 

Among all "illustrative" scenarios, A1F1 has the 
highest cumulative C02 emissions in the period 1990-
2100, while B1 has the lowest, closely followed by 
A1T. It needs to be emphasized that the fossil-
intensive scenario A1F1 by no means represents a 
"worst case", since substantial credit is taken for 
expansion of clean and efficient fossil technologies. 

A1F1 A1T B1 A1F1 A1T B1 A1F1 A1T B1 A1F1 A1T B1 
1990 2020 2050 2100 

Fig. 1: Shares of primary energy for the selected 
IPCC scenarios (following [2]). 

Figures 1 and 2 show the characteristics of the 
selected scenarios in terms of primary energy shares, 
C02 and other major pollutant emissions, respectively. 
Some additional, implicit characteristics of the 
scenarios are provided in Table 1. 

Table 1: Additional characteristics of selected IPCC 
scenarios (following [2]). 

Feature/Scenario A1F1 A1T B1 

Share of coal in 
primary energy (%) 

2020: 29 
2050: 33 
2100: 29 

2020: 23 
2050: 10 
2100: 1 

2020: 22 
2050: 21 
2100: 8 

Share of zero carbon 
in primary energy 
(%) 

2020: 15 
2050: 19 
2100:31 

2020: 21 
2050: 43 
2100: 85 

2020: 21 
2050: 30 
2100: 52 

C02 emissions 
(GtC), 1990-2100 

2 189 1 068 983 

• A1F1 E1A1T DB11 

3 DAMAGE COSTS 

3.1 Global warming 

The C02 damage costs are highly uncertain, given the 
complexity and limited state of knowledge of the 
underlying phenomena. The estimates are sensitive to 
assumptions that are not only of methodological 
character but also reflect ethical positions. Use of 
mitigation costs could be an alternative approach, but 
is based on two arbitrary assumptions: (a) the 
marginal costs of abating emissions equal the 
marginal damages; and (b) environmental regulation 
is economically efficient. 

The recent damage estimates reported in [3] are 
based on the FUND 2.0 model. The considered 
impacts include: health, agriculture, water supply, rise 
in sea level, ecosystems and biodiversity, and 
extreme weather events. The numerical results tend 
to be lower than earlier estimates, since it has been 
taken into account that, for rich countries with 
temperate climates, the climate change may bring 
some benefits. Toll and Downing's estimates [3] were 
obtained for the time horizon 2100, though the 
emissions take place in the period 2000-2009. The 
costs of emissions taking place later could be higher. 
All cost estimates are discounted to the year 2000, 
using a 1% discount rate. The world average is as 
follows (the reference gives the estimates in 
EUR0/tC02, but, taking the year 2000 as the 
reference year, we obtain roughly the same numbers 
expressed in US$): 

Minimum: 0.1 US$/tC02 

Central estimate: 2.4 US$/tC02 

Maximum: 16.4 US$/tC02 

The later review paper by Toll et al. [4] confirms that 
the marginal costs of C02 emissions are unlikely to 
exceed 50 US$ per ton of carbon; a result fully 
consistent with the maximum value given above. 

Fig. 2: C02, S02 and NOx emission characteristics 
for selected IPCC scenarios (following [2]). 
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3.2 Air pollution 

The damage costs due to air pollutants are very 
dependent on where the emissions actually take 
place. In Western Europe, the resulting damages for 
specific pollutants may differ by a factor of ten, 
depending in which country the pollutants are emitted. 
Here, three main pollutants are considered: S02, NOx 
and PM10 (primary aerosols). For S02 and NOx, the 
principal damages caused by the formation of 
secondary fine particles (sulphate and nitrate 
aerosols) are included. 

The methodology used for the estimation of external 
costs is the "impact pathway" approach, established 
within the ExternE Project of the European Union [5]. 
The main features of this approach are summarized 
below. 

- The analysis steps are: Technology and Site 
Characterization; Prioritisation of Impacts; 
Quantification of Burdens (e.g. emissions); 
Description of the Receiving Environment; 
Quantification of Impacts (using, whenever 
applicable, dispersion models for atmospheric 
pollutants and dose-response functions); and 
Economic Valuation. The pathways of pollutants 
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. 

- All relevant stages in the various energy chains are 
covered (Extraction, Fuel Processing, Transport, 
Power Generation, Waste Management and 
Storage). 

- The impacts covered in a full-scope analysis 
include: Occupational and Public Health Effects 
(Mortality, Morbidity); Impacts on Agriculture and 
Forests; Biodiversity; Impacts on Water (Ground 
and Surface); Impacts on Materials (Buildings and 
Cultural Objects); and Global Impacts 
(Greenhouse Effect). Both normal operation and 
severe accidents are considered. 

Based on our research within the China Energy 
Technology Program (CETP), the ExternE results for 
Western Europe, and on similar analyses for South 
America, the average damage costs in US$ per ton of 
pollutant were established. All these studies use the 
respective regional implementations of the multi-
source version of the EcoSense software [6, 7]. 
Figure 3 shows the variation of damage costs by air 
pollutants for different plant locations in the Chinese 
Province of Shandong, for the power sectors in 
Shandong and the whole of China, and for all 
emission sources, both in Shandong and for China as 
a whole. The results available for the regions 
analysed are summarized in Table 2. It should be 
noted that the variation between the various sites, 
sectors and geographical regions is very large. Thus, 
the estimates provided for whole continents should be 
regarded as aggregates of a rather wide spectrum of 
contributing components. In order to estimate the 
damages for the whole world, it was assumed that 

USA and Oceania have the same average damage 
costs as EU-15, the Economies in Transition the same 
as Asia, and the Middle East and African countries the 
same as South America. 
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Fig. 3: Monetary damages per ton of pollutant 
emitted at various locations in China [7]. 

Table 2: Regional pollutant-specific damage estimates. 

Region/Pollutant S02 

(US$/tS02) 
NOx 

(US$/tSOx) 
PM10 

(US$/t PM10) 

EU-15 [6] 3 600 3 500 7 000 

Switzerland3 [8] 7 500 9 400 11 000 

Asia [7] 3 000 1 800 2 400 

South America [6] 150 200 450 

a These estimates are based on the use of a single-source 
model, while the other data sets were generated by running 
a multi-source model. The results from the single-source 
case are representative for the Swiss power plants and may 
differ from the average country-specific damage costs. The 
Swiss values were not used in the current analysis, but are 
included in the Table for comparison purposes. 

3.3 Total damages 

Combining scenario characteristics (emissions) with 
damage cost per emitted ton leads to the results 
summarized in Table 3, and illustrated in Figs. 4 and 
5. For air pollution, this was done separately for each 
of the six world regions. It should be noted that the 
damage effect due to Greenhouse Gases other than 
C02 has been ignored, along with the cooling effect of 
aerosols. In addition, the estimated damages have 
been corrected for GDP growth. The monetization of 
impacts due to air pollution is based on contingent 
evaluation, employing the Willingness to Pay (WTP) 
method. Since health effects dominate the damages, 
and the value of life lost is dependent on GDP per 
capita, the corrected numbers were obtained by 
scaling up the results based on the current monetary 
values using the scenario-specific ratios between the 
regional average GDP per capita in the year in 
question and the year 2000. Given the large increase 
of GDP per capita over the last hundred years, this 
approach may be debatable. 
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Combining scenario-specific air pollutant emissions 
with damage costs per emitted ton is based on the 
assumption of linear exposure response functions 
without thresholds. The impacts are, in most cases, 
dominated by sulphates formed from S02 and NH3 
emissions through chemical reactions in the 
atmosphere. The formation of nitrates from NOx 
depends in a more complicated way on the conditions 
in the atmosphere. Thus, the extrapolation of 
damages into the future is more uncertain for NOx. 
The contribution from primary PM10 is neglected, since 
the corresponding scenario emission data are lacking. 
The cumulative estimates of the global warming 
damages are based here on the maximum values, 
since the coverage in terms of damages and time is 
limited. The large uncertainty interval reflects the 
relatively low confidence in the estimates of the 
damages due to global warming. However, the total 
estimates are dominated by the damages due to air 
pollution, whose assessment is much more robust. 
The "sustainable" scenarios A1T and B1 exhibit much 
lower cumulative damage costs than the fossil-
intensive scenario A1F1. 

Table 3: Estimated world-wide damages associated 
with selected scenarios (all numbers are 
rounded). 

100000 

Cost 
Type/Scenario 

A1F1 A1T B1 

C0 2 Damage 
in billions of 
(2000)US$ 

1990: 3-400 
2020: 5-70 
2050: 8-1400 
2100:11-1800 

1990: 3-400 
2020: 4-600 
2050:5 -700 
2100: 2-300 

1990: 3-400 
2020: 4-600 
2050: 4-700 
2100: 2-300 

Air Pollution 
Damage 
in billions of 
(2000)US$ 

2020: 1800 
2050: 8700 
2100: 28700 

2020: 1700 
2050: 620 
2100: 11500 

2020: 1100 
2050: 3000 
2100: 3400 

Cumulative 
Carbon Dioxide 
Damage in the 
period 1 9 9 0 -
2100 
in trillions of 
(2000)US$ 

0.8-130 0.4-65 0.4-60 

Cumulative Air 
Pollution 
Damage3, 1990 
- 2 1 0 0 
in trillions of 
(2000)US$ 

1140 600 250 

Total 
Cumulative 
Damage3 in the 
period 1 9 9 0 -
2100 
in trillions of 
(2000)US$ 

1140-1270 600-670 250-310 

1 Based on interpolation 

| H QECD 90 M REF • Asia • ALM | 

8667 

28748 

A1F1 A1T B1 A1F1 A1T B1 A1F1 A1T B1 A1F1 A1T B1 

1990 2020 2050 2100 

Fig. 4: Estimated world-wide damages associated 
with selected IPCC scenarios; the shares for 
the OECD90, REF, Asia and ALM regions are 
also indicated. 
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Fig. 5: Total cumulative damage for the period 1990-
2100, based on interpolation. 

4 CONCLUSIONS 

The total damage estimate for fossil-intensive power 
generation is dominated by the impact of air pollution. 
In the case of scenario A1F1, this impact would 
constitute about 5.5% of the world GDP in the year 
2100, while the corresponding losses for more 
sustainable scenarios A1T and B1 would be 2.2% and 
1.0%, respectively. Thus, it can be claimed that, on 
the basis of the current level of knowledge, the 
secondary benefits from mitigating the air pollution 
risks alone make a very strong case for the promotion 
of climate-friendly systems. Based on a comparison of 
the damage costs assessed in this paper with the 
increased system costs associated with climate-
friendly scenarios analysed in [9], and with the year 
2050 used as the time horizon, there are strong 
indications that the avoided damage costs associated 
with the environmentally friendly scenarios widely 
exceed the increased investment costs. Furthermore, 
using the findings of the comparative assessment of 
severe accidents in [10], it can be shown that the 
more sustainable scenarios exhibit lower expectation 
values for severe accident risks. However, the 
expected damages due to such severe accidents, in 
view of their frequencies, are much lower than those 
caused by air pollution. 
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DEVELOPMENT OF DYNAMIC PROBABILISTIC SAFETY ASSESSMENT: 
THE ACCIDENT DYNAMIC SIMULATOR (ADS) TOOL 

Y.H. Chang1, A. Mosleh1, V.N. Dang 
1 University of Maryland 

The development of a dynamic methodology for Probabilistic Safety Assessment (PSA) addresses the 
complex interactions between the behaviour of technical systems and personnel response in the evolution 
of accident scenarios. This paper introduces the discrete dynamic event tree, a framework for dynamic 
PSA, and its implementation in the Accident Dynamic Simulator (ADS) tool. Dynamic event tree tools 
generate and quantify accident scenarios through coupled simulation models of the plant physical 
processes, its automatic systems, the equipment reliability, and the human response. The current 
research on the framework, the ADS tool, and on Human Reliability Analysis issues within dynamic PSA, 
is discussed. 

1 INTRODUCTION 

In a traditional probabilistic safety assessment (PSA), 
fault trees and event trees are used to create a quasi-
static model of accident scenarios. This model 
essentially consists of a series of snapshots of the 
scenario evolution. At these snapshots, the hardware 
systems and operators may perform successfully or 
fail, resulting in a tree of scenarios (the event tree) in 
which the snapshots correspond to the branching 
points of the tree. 

The development of simulation-based or dynamic 
PSA methodology is motivated by the need to address 
the limitations of this quasi-static, binary model. These 
include difficulties 
- with the handling of some forms of dynamics related 

to the physical and automatic processes, and 
- with the addition of the diverse scenarios introduced 

by errors of commission (EOCs). 
In traditional PSA, many success criteria are defined 
in terms of how long a system must perform 
successfully. An example is that a particular system 
must perform at 50% of its capacity for at least 30 
minutes. In all cases in which the criterion is not 
fulfilled, the function is considered failed. For the 
purpose of defining the sequence, it is often 
conservatively assumed that the system has not 
performed at all. This assumption, while in general 
conservative, affects both the sequence model and 
the human performance model. It affects the 
sequence model in that partial functioning of the 
system may reduce the demands on other systems. It 
affects the human performance model, in that this 
partial functioning may extend the time available for 
response, or may make the diagnosis cues less 
evident. By neglecting these effects, the assumption 
makes the PSA manageable and practical. 

In general, PSA defines the failure of human 
interventions in the scenario as the failure to carry out 
required actions. In contrast to the omission of 
required actions, EOCs refer to the performance of 
inappropriate actions that aggravate a scenario. 
These actions have not been comprehensively 
included in the PSA due to the lack of an appropriate 
methodology. More recently, research in Human 

Reliability Analysis (HRA) has focused on the 
development of methods for systematically identifying 
potential EOC situations. Within the HRA project at 
PSI, the Commission Errors Search and Assessment 
(CESA) method was developed, and a pilot 
application has been performed [1]. The dynamics of 
the plant processes and their interactions with human 
response, were shown to be a contributing factor in a 
number of the potential EOC scenarios identified in 
the pilot. 

Comprehensive modelling of EOC scenarios within an 
event-tree/fault-tree PSA model leads to two practical 
problems. First, some of the success/fail branches 
need to be converted to non-binary branches to 
represent alternative courses of action. An equivalent 
binary representation could also be used, although it 
would be cumbersome. Second, information about the 
causes of an EOC must be retained, because these 
can affect the probabilities of the subsequent human 
actions. This consideration reflects the trend in the 
emerging HRA methods to consider decision 
performance in more detail, and be based on a 
broader set of contextual factors. In summary, an 
extension of PSA to include EOCs leads to many 
additional scenarios, as well as to the need to "carry" 
more information concerning the history of each of the 
scenarios individually [2]. 

A range of modelling frameworks are available to 
address these difficulties. These include the Markov 
chain (continuous event tree) [3], GO-FLOW [4], 
Event Sequence Diagram (ESD) [5], dynamic FT [6], 
and the discrete dynamic event tree (DDET) [e.g. 
7,8,9]. The ADS tool is based on the DDET, because 
it combines all of the following advantages: 

• The physical processes, hardware states, and 
human performance are directly modelled, avoiding 
the need to manually define a state vector or a state 
transition diagram (both of which would be very 
large) 

• The coupling of these models allows all their 
interactions to be explicitly and transparently treated 

• The scenario space is systematically examined 
through the DDET algorithm, avoiding Monte Carlo 
sampling and its associated difficulties. 
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Fig. 1: Evolution of the dynamic event tree. 

The DDET framework is introduced in Section 2 while 
Section 3 presents an overview of the ADS tool for 
dynamic PSA. The treatment of the human response 
within a dynamic PSA is addressed in Section 4. 
Finally, Section 5 presents the on-going efforts within 
the project, and the outstanding issues for further 
research. 

2 DISCRETE DYNAMIC EVENT TREES 

In a traditional PSA, the analyst builds the event tree 
to represent the possible evolutions of various 
scenarios. This 'accident sequence modelling' 
process is based on separate off-line analyses of the 
thermal-hydraulic response of the plant. Multiple 
analyses are performed to consider variations of the 
timing of automatic and operator actions, in order to 
define success criteria and the associated time 
windows, and, in general, to consider the interactions 
of the plant, the automatic systems, and the 
operators. In contrast, the discrete dynamic event tree 
(DDET) is a simulation-based framework that 
integrates these models to generate the event tree 
"dynamically" and automatically. The role of the 
analyst is then to specify these models: i.e. how these 
responses develop and interact with each other. 

DDETs were first implemented in the Dynamic Logical 
Analysis Methodology (DYLAM) software tool, [e.g. 
7,10]. The subsequent Dynamic Event Tree Analysis 
Method (DETAM) [8] and the Accident Dynamic 
Simulator (ADS) [9,11,12] share the overall approach. 
The differences lie in the branch control algorithms 
and in the models of the response, in particular, the 
human response. 

Dynamic generation of the event tree 

In a dynamic event tree, the basic idea is to save the 
state of the system (a snapshot) at each stochastic 
(probabilistic) branching point, continuing the 
simulation for one of the possible outcomes. At the 
end of the scenario, which may be based on time or 
on an absorbing state, the analysis returns to a 
branching point, but now continues the simulation 
considering each of the alternative outcomes in turn. 
In this way, a tree of scenarios is built up, as shown in 
Fig. 1 [13]. 

The partial tree at the top of Fig. 1 shows the DDET 
after the first history (Sequence 1); the system state 
has been saved at three branching points. Next, the 
system state is reloaded at the last branching point 
(the point labelled 'a') of the first history, and the 
simulation is restarted, resulting in Sequence 2. The 
tree-building algorithm continues by returning to the 
nearest open node, now 'b', and restarting the 
simulation. The lower branch at node b is simulated 
and the branching points 'd' and then 'c' occur in 
Sequence 3. As was the case with the first partial tree, 
node 'c' is first expanded to result in Sequence 4, then 
node 'd'. After Sequence 5, the simulation would 
continue with node 'e'. (The tree building algorithm for 
the DDET may follow alternative schemes.) 

In contrast to a 'static' event tree, the order of the 
branching points (which correspond to event headers) 
is not explicitly specified a priori. Instead, the model 
includes rules for determining what stochastic events 
may occur next, based on the current system state 
represented at a node. In addition, the timing of 
events, represented schematically in Fig. 1 by the 
spacing between the nodes, is variable, and depends 
on the sequence. For example, node 'c' may refer to 
the hardware state as node 'a', but earlier in time, and 
with somewhat different physical process parameter 
values. 

The DDET scheduler 

The internal structure of a DDET simulation consists 
of three parts: 
• a "scheduler" that manages the branching process, 

including the saving of the system state at the 
nodes and the restart of the simulation; 

• a model of the hardware and human performance, 
which describes how the equipment and personnel 
responds in the scenario; and 

• a model of the plant physical and control processes. 

The core of the DDET is the scheduler, which controls 
the simulation models. It introduces a probabilistic 
branching point, for instance, when the plant process 
evolution leads to a demand on a hardware 
component. For example, when a vessel pressure 
exceeds the high-pressure protection setpoint, a 
demand is placed on the pressure relief valve; the 
relief valve may open successfully, or it may fail to 
open. Conversely, the scheduler modifies the 
boundary conditions for the plant process simulation 
when the personnel performs an action. 

As shown in Fig. 2, the generated dynamic event tree 
may include branching points for the system state 
(equipment success/failure), the process variables 
(when key values such as setpoints are reached), for 
software (for the control systems), and for human 
action alternatives [12]. 

Probability accounting 

At each branching point, the probabilities of the 
branches sum to unity. 
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Fig. 2: Schematic of the generated dynamic event tree. 

The conditional probability of the end state (ES) is the 
product of the probabilities of the branches included in 
the scenario. The sequence probability is the product 
of this conditional probability with the initiating event 
frequency. The notion of accounting for the 
probabilities associated with stochastic events, 
instead of sampling the events in Monte Carlo fashion, 
allows stochastic, dynamic processes to be analysed 
in the DDET framework while avoiding the 
disadvantages of Monte Carlo methods. 

Although branching can theoretically occur at any time 
point, the sequence evolution is discretised into a 
finite number of (variable) time steps in order to 
manage the size of the tree. The system state 
transitions and operator cognitive decisions, and 
resulting actions, are then modelled as occurring at 
these discrete points. 

In practice, the combination of events with stochastic 
outcomes, processes with stochastic durations and 
interdependence of stochastic and continuous-time 
dynamics leads to an overwhelmingly large number of 
potential sequences. Clearly, in spite of the 
discretization of time, an exhaustive simulation that 
expands all possible branches of the dynamic event 
tree is generally not feasible for a realistically-sized 
system due to this "combinatorial explosion". In fact, it 
may not even be desirable because the exhaustive 
tree includes branches whose probability is negligible. 
Besides discretization in time and probability 
accounting, avoiding the combinatorial explosion is 
one of the functions of the scheduler. 

One of the mechanisms to 'prune' the tree is to 
implement a probability cut-off. At each stochastic 
event, the scheduler calculates the probability of each 
branch, and determines whether to expand this 
branch further. The scheduler does not resume the 
simulation of branches with probabilities below the 
cut-off, or of branches that have reached an absorbing 
state. 

With appropriate branch generation rules and a 
carefully selected minimum step size, the 
computational limits on the size of the tree can be 
satisfied while retaining sufficient resolution to 
represent the possible event sequences. 

3 OVERVIEW OF THE ADS SOFTWARE TOOL 

Development of the ADS tool started at the University 
of Maryland (UMD) more than a decade ago. The first 
generation code included four computing nodes to 
represent the behaviour of the reactor, steam 
generator and pressurizer in a PWR plant, and hard-
coded rules to represent the operators' actions [9]. 
Subsequent versions of the tool have followed this 
successful demonstration of the ADS approach. 

The available computing power limited many early 
DDET implementations, including the earlier ADS 
versions, to problems with reduced scope, or with 
simplified models (in particular, of the computation-
intensive physical processes). With the increase in 
computing power in the last decade, however, 
applications of the ADS tool to practical problems with 
a more realistic scope can now be pursued. 

The most recently released ADS program [14] 
contains six modules. Its architecture is shown in Fig. 
3. The User Interface Module enables the user to edit 
the inputs and initial conditions, and to control the 
analysis parameters. The Scheduler Module 
implements the DDET algorithms discussed above. 
The personnel, plant processes and equipment states 
are represented by the Crew Module, the Indicator 
Module (the plant human-machine interface and 
safety logic), the System Module, and the Component 
Reliability Module. The Scheduler controls all of these 
models (lines 1-4 in Fig. 3) and their interactions (lines 
5-8). 
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Fig. 3: Architecture of the ADS dynamic PSA tool. 

The Crew Module, with the use of the IDAC model 
[14], simulates the operating crew response. This 
module represents the crew with three types of 
operators: the Shift Supervisor (decision maker), a 
reactor operator (who implements actions), and a 
technical advisor (with a consultative role). These 
models interact with the plant via the Indicator Module 
(line 5) and with each other (not shown). 

The Indicator Module models the human-machine 
interface, which includes the display of plant process 
parameters generated by the System Module (the 
plant model). In addition, the Indicator Module 
processes the system information to generate alarms 
and automatic responses, according to the control and 
safety logic. Finally, the automatic responses and 
actions performed by the operators on the plant are 
transferred through this module to the Component 
Reliability Module. 

The Component Reliability Module models both 
failures on demand of equipment and running failures. 
Examples include the failure of a valve to open and 
the failure of an operating pump, respectively. In this 
way, this module represents the actual state of the 
equipment in response to the demands of the control 
and safety logic, and of the operators. 

The System Module represents the plant physical 
processes. The boundary conditions for this physical 
process simulation are determined by the equipment 
states. 

Figure 4 shows the ADS simulation flow diagram. 
After the initialisation of the system, controls, and 
crews' initial state, the System Module calculates the 
system state at the next time step. The Indicator 
Module updates the alarms state, physical parameter 
values and indications of the component state based 
on the new system state. 

After the updates of the System Module and Indicator 
Module, the Component Reliability Module calculates 
the equipment failure probabilities. If the failure 
probability is larger than pre-set criteria, a branching 

point is generated to represent the (hardware) system 
state branching point. Here, the scenario branches 
according to whether the component fails or performs 
successfully. 

After all system-related information has been updated, 
the Crew Module calculates the crew response. As 
with the hardware, branching points are generated if 
action alternatives are selected. The Scheduler 
Modules summarizes all information generated and 
applies the cut-off algorithms to determine whether 
the branches are retained; in addition, it calculates the 
branch probabilities and performs the probability 
accounting. If the end-state criteria (i.e. the criteria for 
a safe, stable state, or a scenario failure state) have 
not been reached, the process repeats again to the 
next time step. Once a sequence end state is 
reached, the Scheduler recourses to an open 
(undeveloped) branch. The DDET is complete when 
no open branches remain. 

4 THE HUMAN RESPONSE MODEL 

Scope and modelling approach 

In an event-tree/fault-tree PSA, the human response 
is analysed by considering the scenario context at 
each snapshot where an operator action is required. 
At this point, the task of the HRA analyst is to 
determine whether salience of the available 
indications that cue this action, and the degree to 
which procedures and training support the personnel 
in assessing the situation and selecting the 
appropriate response, is justified. The relevant 
ergonomics are also examined for both the decision 
and execution elements of the action. 

Fig. 4: ADS simulation flow diagram. 
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Table 1: The operators' activities generated by ADS for one event sequence (excerpt). 

Time 
(s)* 

Decision Maker 
(Shift Supervisor) 

Response 

Reactor Operator 
Response 

Technical Advisor 
Response 

System 
Response 

0 Pipe breaks, alarms 
triggered. 

1 Changes Goal to 
'troubleshooting' (TS) 

Changes Goal to TS Changes Goal to TS 

2 Changes Strategy to 
'logic expansion' (LE) 

Changes Strategy to LE Changes Strategy to LE 

3 Selects Diagnosis 
PI1-LBRK (training-
based procedure) 

Selects Diagnosis 
PI1-LBRK 

Selects Diagnosis PI1-
-LBRK 

5 Asks Reactor Operator 
to check SG1 Level 

Checks SG1 Level 

6 Checks SG1 Level Checks SG1 Level 

23 Concludes and 
communicates Diagnosis 
PI1-LBRK 

24 Does not accept 
Advisor's conclusion 

73 Changes Goal to MGSM 
due to EOPs entrance 
point reached 

Changes Goal to MGSM 
due to EOPs entrance 
point reached 

Safety injection pumps 
start 

74 Changes Strategy to 
procedure-following (PF) 

Changes Strategy to Fl 

75 Enters Procedure 
E-0 Step 0 

301 Asks Reactor Operator 
to control SG2, SG3, and 
SG4 water levels 

302 Performs SG2, SG3 and 
SG4 water levels control 

372 System is stabilized 

* The time values result from task durations assumed for demonstration runs. 

In a dynamic PSA, the human response model must 
represent the activities of the personnel throughout 
the scenario. In this way, the human model has the 
possibility to make decisions, and to implement 
actions as the cueing indications arise during the 
simulation. The workload due to these activities 
influence their capacity to detect, interpret, decide and 
act. 

The models for each of the operators consist of five 
major components. These are: 

1. The time required for different types of tasks 
(communication, processing, and the execution of 
procedure steps and tasks) 

2. The bases for situation assessment: i.e. how the 
personnel determines the state of the plant in light of 
procedures and training 

3. The bases for response selection (decisions 
concerning action alternatives), again grounded in 
procedures and training 

4. A model for the execution of actions, to represent, 
for instance, the probability of unintentional errors and 
omissions. 

5. The strategies for decision-making, and the factors 
that influence the selection of these strategies, such 
as stress, workload, and time pressure. 

These human model components, which contain 
deterministic and probabilistic elements, allow the 
human performance to be modelled within the DDET, 
dynamically generating the branching points, i.e. the 
alternative branches and their probabilities. This 
basic modelling approach is shared with other DDET 
implementations, as in [8,15], as well as other human-
machine system modelling frameworks, such as task 
network simulation [16] and discrete event simulation 
[17,18,19]. 

The model in the DDET and post-simulation 

In a conventional event tree, the scenario histories 
were defined in the accident sequence modelling 
process by the analyst; the event tree tool calculates 
the probabilities of the scenarios. In contrast, the 
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DDET histories are generated directly by the 
simulation, and arise from the interactions of the plant 
and human models. Thus, the generated dynamic 
event tree yields not only the probabilities for the end-
states, but also the scenario histories underlying the 
tree. 

In post-simulation analyses, the generated histories 
can be examined to identify the contributing factors. 
Table 1 shows the activities of the personnel during a 
single sequence [14]. (The indicated times result from 
the durations assumed for code testing and 
demonstration.) Key plant events and alarms, 
"cognitive" events related to the use of procedures 
and situation assessments, communications among 
the operators, and the actions of the plant personnel, 
are all included in the Table. 

Following the pipe break and alarm at time=0, the 
operators perceive the alarms. Their goals switch from 
routine monitoring to troubleshooting (TS) and the 
strategy changes to 'logic expansion' (LE) — a form of 
rule-based reasoning. At 5s, the decision-maker asks 
the reactor operator to check the level in the steam 
generator SG1. At 74s, the safety injection pump 
starts. The goal switches to maintaining a global 
safety margin (MGSM), while the strategy is 
procedure-following (PF). The decision-maker enters 
the post-trip emergency procedure, E-0, at 75s. 

Figure 5 represents this sequence as a time line, and 
illustrates the different branches in the scenario. For 
instance, an alternative strategy at t=1s would be 
procedure-following (PF), i.e. selecting a procedure 
immediately instead of performing rule-based 
reasoning based on training. 

SGI Level falls 
below safety margin 

Goal Strategy Diagnoses Provide Accept ... Goal Strategy Action Selection Selection Formation Advice Advice \ Change Change Performed 
Decision 
Maker 

Action . 
Taker 

PipelBrk N/A Not Accepted I MGSM FP By Action Taker 
| MGSM | pp Pipe2 Brk [Accepted | LE By Self 

: 
Pipel Brk N / A N/A 
Pipe2 Brk [Not Perfor 

Pipel Brk Provided N/A 
Pipe2 Brk Not Provided 

Fig. 5: Highlights of the operators' processing 
activities and alternatives during a sequence. 

In addition to using the plant parameters at the 
decision points to determine the alternative responses 
and their probabilities, the model also tracks the 
operators' internal responses to the situation. In the 
example shown in Fig. 6, the model predicts that the 
stress level increases when the water level in the 
steam generators (SG) first drops below the desired 
safety limit (accompanied by alarms annunciating this 
condition), and continues to increase until the 
operators are guided by the procedures to take the 
necessary action in response to the situation. In this 
way, the influence of the evolving stress level on the 
operators' response can be dynamically treated. 

Time (s) 

Fig. 6: Predicted stress level of the decision-maker plotted against the steam generator water levels. 
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5 CURRENT EFFORTS AND OUTLOOK 

With the ADS tool as a framework for dynamic PSA, 
the current work within the PSI-UMD joint effort has 
two main components: 

- further development of the ADS tool in the area of 
computational efficiency and the treatment of 
hardware reliability; and 

- HRA issues in the dynamic PSA framework, which 
includes the model of the human response in ADS, as 
well as methods for analysing the human response. 

As noted above, the integration of a model to 
generate the response of the plant in accident 
scenarios in a dynamic PSA enables the 
interdependence between the behaviour of the plant 
and its systems, and the responses of the personnel, 
to be more closely examined. The ADS development 
work, led by UMD, seeks to address the associated 
computational demands through the use of multiple 
processors and refinement of the DDET branching 
algorithm to reduce unnecessary branching. 

The hardware reliability issue concerns the treatment 
of the support systems that allow the plant's frontline 
systems to respond to a scenario. Specifically, when a 
frontline system fails to operate, due to a support 
system problem, the impact on other systems that rely 
on that support system needs to be taken into 
account. In a classical PSA, these so-called support 
system dependencies are treated by means of fault 
trees. A solution that would not require the inclusion of 
the complete fault-tree configuration is currently being 
examined. 

In the emerging dynamic PSA framework, the analysis 
of human performance begins with the application of 
task analyses and HRA methods to characterize the 
procedure-based and training-based responses of the 
personnel. Through these analyses, the inputs to a 
human response model within DDET tools like ADS 
are generated. The dynamic event tree is then 
produced by the tool, which also quantifies the 
scenario evolutions and accident sequences. 

The HRA-related efforts, led by PSI, address both of 
these aspects. To develop the inputs to the human 
response model, the characterisation of the human 
response extends the approach used to identify EOC 
opportunities in earlier work [1]. The work on the 
human model itself constitutes a major issue for the 
dynamic PSA. The next steps with the model include 
the revision of the human model to enable the key 
aspects of the operators' main tasks to be 
represented in the dynamic PSA. This will involve 
operationalizing and simulating the effects and 
interactions of the risks, together with the mitigating 
factors. 

Clearly, the dynamic PSA in the long term requires an 
HRA model that would be capable, without post-
simulation analyses, of both simulating the most likely 
personnel responses, and quantifying these within the 
DDET. The quantification especially poses a 
challenge, as can be expected. A step-by-step 

approach to the dynamic PSA is taken in the PSI-
UMD work. Although the human response is treated 
probabilistically, the main use of the ADS tool at 
present is to identify key scenarios involving dynamic 
effects and human errors. Validation of the human 
response model would be required to support the 
quantitative results. 

With regard to HRA, the DDET is thus used as a tool 
to assist in the identification of significant error 
opportunities, while the scenario histories provide 
specific information for additional post-simulation, and 
quantitative analyses of human performance. In the 
identification process, the human response 
probabilities essentially represent a mechanism for 
screening, since low-probability scenarios are cut off 
in the branching algorithm. As in a traditional PSA, the 
dynamic PSA model can be revised in an iterative 
process to represent the scenarios of concern in more 
detail. The information concerning plant response, 
plant parameters, the personnel workload, and 
strategies predicted by the model, are then used to 
quantify the key scenarios. Accordingly, 
improvements in the support within ADS for post-
simulation analysis of the runs, e.g. for examining 
specific scenario histories, are also planned. 

A case-application study is the focal point for this 
work; it examines the risk of a through-wall crack of 
the reactor pressure vessel in overcooling scenarios, 
also referred to as pressurised thermal shock (PTS) 
scenarios. The dynamic PSA framework is promising 
in this case, because the probability of RPV cracking 
depends on the reactor coolant system pressure and 
temperature, in terms of both magnitude and 
gradients. Thus, the timing of automatic responses 
and operator actions are significant in the 
determination of the risk. It is worth noting here that 
the dynamic PSA is intended to complement the 
conventional PSA rather than to replace it [5]. The 
dynamic PSA's analytical and modelling complexity, 
and the significant effort required restricts its use to 
scenarios where dynamic issues need to be 
examined. The issue of identifying when dynamic 
issues are likely to be important in scenarios is 
therefore also being examined in the application 
study. 
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LEVEL-SWELL PREDICTION WITH RETRAN-3D AND ITS APPLICATION 
TO A BWR STEAM-LINE-BREAK ANALYSIS 

Y. Aounallah, K. Hofer 

Level-swell experiments have often been simulated using system codes, such as TRAC and RELAP, but 
only cursory assessments have been performed with the operational-transient code RETRAN-3D, the 
main system code used within the STARS project The present study, initiated in the framework of a BWR 
Steam-Line-Break (SLB) accident scenario, addresses this lacuna by performing RETRAN simulations of 
the General Electric Level-Swell experiments, and by investigating their implications on power plant 
accident analyses. Parameters to which the predicted level swell is sensitive have been identified, and 
recommendations on code options are made. The SLB analysis objective was to determine the amount of 
steam and liquid discharged through the break under specified boundary conditions, and to gauge the 
results against reference values. The impact of the nodalization of the upper part of the reactor pressure 
vessel was investigated and found to play an important role, whereas the level swell induced from flashing 
was found not to be the predominant factor for these simulations. 

1 INTRODUCTION 

The prediction of the two-phase mixture-level 
behaviour during blowdown conditions is of interest to 
both the chemical and power industries. It is 
particularly salient for Light Water Reactors, for 
example for the prediction under accidental situations 
of core uncovery and steam generator dryout. Also, 
an a priori conservative assumption may not always 
lead to a conservative result. For example, a 
conservative increase of reactor power may lead to 
overprediction of the level swell of an uncovered core, 
or a steam generator, resulting in an overprediction of 
the cooling; hence the need for complementary best-
estimate calculations with accurate mixture-level 
predictions. 

The capability of the operational-transient code 
RETRAN-3D [1], the main system code in the STARS 
(Safety Research related to Transient Analysis of the 
Reactors in Switzerland) project, to accurately predict 
the mixture level behaviour, has been the object of 
only cursory effort, based on reported studies [2], in 
contrast to other system codes, such as TRAC and 
RELAP [3,4,5]. The present simulation of the General 
Electric blowdown experiments [6], which was initiated 
in the framework of a steam line break analysis, aims 
at addressing this shortcoming. 

One objective was to assess the code models as 
"stand-alone" components of more complex systems, 
such as the one for the present postulated main 
steam line break in a BWR plant; the break is 
assumed to occur inside the turbine building. The 
main interest of the study is to investigate the basis for 
calculations of the radioactive isotopes contained in 
the primary coolant, and therefore entrained in the 
steam and liquid mass discharged through the break. 
The break outflow is interrupted by a complete closure 
of the main steam isolation valves (MSIVs). A rupture 
of a main steam line in the turbine building is most 
critical from the viewpoint of release of activity to the 
environment, since this building is not included in the 
barrier formed by the containment. The present study 
consists of calculating the mass of steam and liquid 
discharged from the break under different conditions: 

e.g. break size, MSIV closure time, and variations in 
initial conditions. Three cases were identified for the 
analysis, two of them with a guillotine break and one 
with a small break size equivalent to 10% of the cross-
sectional area of one main steam line. The analyses 
presented here were all performed at "hot-standby" 
conditions. 

2 GENERAL ELECTRIC LEVEL-SWELL 
EXPERIMENTS 

2.1 Description of experiments and models 

The General Electric (GE) Level-Swell experiments 
were designed to investigate separate-effect 
phenomena, such as critical flow, mixture level swell, 
and axial void distributions, during blowdown 
conditions. The experiments consisted of 
depressurizing a quiescent pool of water, initially in 
thermodynamic equilibrium with its vapour phase. The 
fast rate of depressurization (up to 10 bar/s at the 
beginning of the transient) resulted in a sudden rise, 
or swell, of the liquid free surface due to flashing. The 
initial level swell was followed by a level shrink as the 
steam production in the mixture decreased as a 
consequence of the reduction in depressurization rate. 

A series of experimental tests were performed with 
Small Blowdown and Large Blowdown vessels, both 
4.27 m long, vertically-oriented cylinders, with 
respective internal diameters of 0.305 m and 1.219 m. 
The depressurization rate was controlled by mounting 
different size venturi nozzles on the discharge line. 
Experimental uncertainty was reported to be typically 
+/- 0.12 m for the mixture level, and up to +/- 0.05 for 
the void fraction. No information was available in the 
open literature regarding the uncertainty of the system 
pressure measurements. 

Two modeling schemes were used, both aimed at 
maximizing consistency between the component 
assessment model and (i) the BWR plant model, and 
(ii) the experimental discretization scheme for the 
measured variable. This was reflected in the 
nodalization schemes in both cases, as well as in user 
options. Thus, while a two-node model was used in 
the framework of the plant study, a seven-node model 
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was used for the detailed simulation of the GE 
experiments. The impact of the radial nodalization in 
the phase separation region was investigated for the 
BWR system model, as described below (Section 
3.5). 

2.2 Base-case calculations and sensitivity tests 

The nodalization for the base-case calculations (GE 
Test 5801-15) and sensitivity tests is depicted in 
Fig. 1. 

Nodalization of RPV 
upper-down comer region 

Nodalization of the 
GE Vessel 

Time-De pendent Volume 

Fig. 1: Nodalization for the base-case model. 

The RETRAN 3-D bubble-rise model (BRM) was used 
for the Control Volume 2 (Fig. 1) and, in the context of 
this model, the salient parameters identified for these 
tests were the bubble-rise velocity (Vb), the bubble-
gradient parameter (Co), and the break-valve 
contraction coefficient (Cn), as listed in Table 1 below. 
Unless otherwise stated, these base-case 
parameters, used in the preliminary calculations for 
steam line break analysis (see Section 3), were 
implemented in the calculations. 

Table 1: Base-case parameters. 

Parameters Values Remarks 

Bubble-rise velocity 1.3 [m/s] 

Bubble-gradient parameter 0.0 [-] Homogeneous 

Break valve contraction coeff. 1.0 [-] No correction 

The result shown in Fig. 2 for the Large Vessel tests, 
and subsequently confirmed within the range of the 
sensitivity tests performed, is that, for the base case 
(i.e. with Vb=1.3 m/s), the rate of level swell and level 
shrink is lower than the experimental values. Also, the 
peak elevation of the two-phase mixture level is 
underpredicted, and the timing of this peak is delayed. 
Sensitivity calculations, stemming from the base-case 
simulation, were performed to assess the impact of 
varying the bubble-rise velocity, the bubble-gradient 
parameter, and the break valve contraction coefficient. 
Figure 2 shows the effect that the bubble-rise velocity 
(Vb) has on the mixture level, particularly when there 

seems to be no supportive evidence in the open 
literature for selecting a particular value within the 
range considered (0.3 m/s to 1.5 m/s). Very low or 
very large values of Vb can be selected for limiting 
cases, such as the determination of the maximum 
level swell or the collapsed liquid level, respectively. 
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Fig. 2: Effect of the bubble-rise velocity (Vb) on the 
mixture level (with Co=0.0 [-]). 

The effect of varying the bubble-gradient parameter is 
shown in Fig. 3, where the value Co=0 corresponds to 
a uniform void profile, and Co=1.0 corresponds to the 
maximum void gradient. The base-case value 
(Co=0.0) maximizes the level swell, since the void 
fraction at the free interface is then at a minimum, and 
the vapour flow rate leaving the mixture is then the 
smallest. Conversely, the maximum void gradient 
leads to the lowest mixture level, since it maximizes 
the vapour flow rate leaving the mixture free interface. 

• Experiment 
Co=0.0 [-] (*) 

- - Co=0.2 [-] 
• - • • Co=0.5 [-] 

Co=0.8 [-] 
- Co=1.0 [-] 

(*) Base-case value. 

0 2 4 6 8 10 12 14 16 18 20 
Time [sec] 

Fig. 3: Effect of the bubble-gradient parameter (Co) 
on the mixture level (with Vb=1.3 m/s). 

Figure 4 shows the combined effect of variations in Vb 
and Co, and thus indicates the domain swept by the 
mixture level velocity during depressurization, and 
identifies the envelope cases. It can be seen that 
drastically different results can be obtained for a 
relatively narrow range of Vb. The bubble-gradient 
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parameter becomes increasingly important as rates of 
level swell decrease (Co would be inconsequential for 
Vb~0 m/s since no vapor would then cross the mixture 
free interface). 

Fig. 4: Effect of combined bubble-rise velocity (Vb) 
and bubble-gradient (Co) on the mixture level: 
envelop cases. 

With the base-case parameters (Vb=1.3 m/s, Co=0.0), 
the system pressure is also underpredicted during 
vessel depressurization, as illustrated in Fig. 5. The 
initial dip in the measured system pressure, followed 
by a recovery, is caused by the time delay in flashing 
(not included in the code) as steam is vented from the 
steam dome, with no significant void formation takes 
place in the superheated liquid. After this brief period, 
typically less than one second, significant vapor 
bubble formation takes place, causing the two-phase 
mixture level to swell and compress the steam, as 
manifested in the recorded pressure recovery. 

Significant correction of the break-valve contraction 
coefficient (Cn=0.8) was required to obtain the correct 
depressurization rate, as can be seen in Fig. 5. The 
impact of the bubble-rise model parameters, 
particularly Vb, on the depressurization rate is also 
shown in Fig. 6. The changes in slope of the pressure-
decay curves correspond to conditions where the 
mixture level reaches the break elevation (as can be 
seen in Fig. 2). The initial single-phase steam flow 
vented out of the pressure vessel is then replaced by 
a two-phase mixture which reduces the vapour mass 
vented, and thereby slows down the pressure decay. 

Since the process of interest is the loss of liquid 
inventory in the pressure vessel, the main outcome 
from these calculations is that the base-case 
parameters would give conservative results 
(overestimation of liquid losses) only if the mixture 
water level reaches the break-line elevation. This is 
because the experimentally observed level-shrink 
rate, which follows the initial level swell, is 
underpredicted, and therefore the predicted mixture 
level remains high for a longer period of time. 

Fig. 5: Effect of the valve contraction coefficient (Cn) 
on the mixture level. 

Fig. 6: Effect of the bubble-rise velocity (Vb) on the 
system pressure. 

2.3 Prediction of the axial void profile 

A model was used to assess the code's capability to 
predict the axial void profile during blowdown 
situations. The experimental Test 1004-3 has been 
the most frequently investigated one, including by the 
RETRAN code developers [3], and was therefore also 
selected here. 

A seven-node model (Fig. 7) was used to match the 
axial distribution of the void fraction measured 
experimentally. In other words, the node length 
corresponds to the axial distance between the 
successive pressure tappings. Thus, there is 
consistency in the control volumes used in the 
experiment and those in the code simulations. 

The void fractions are very well predicted by the code, 
as can be seen in Fig. 8, as long as neither the 
experimental nor the calculated mixture level reaches 
the BRM lower boundary (Node 6 in Fig. 7). This 
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actually occurs at 100 s for Test 1004-03, but was 
predicted to occur at -150 s, as shown in Fig. 9. As a 
consequence of this delay, the void fraction increase 
in Node 5 is also correspondingly delayed. 

Saturated 
Liquid 

TDV 

(*) Time-dependent volume 

Fig. 7: Nodalization for GE Test 1004-3. 

Among the RETRAN-3D void model options, the 
algebraic slip model (isflag=3) and the dynamic slip 
model (isflag=5), both based on the Chexal-Lellouche 
drift-flux model, gave very similar results. 
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Fig. 8: Comparisons of axial void profiles (GE Test 
1004-3). 

2.4 Comparison against the GE Level-Swell 
database: use of the Wilson BRM 

In addition to the base-case and sensitivity 
calculations, the eleven experimental tests 
constituting the GE Level-Swell database were also 
used to identify possible inconsistencies in the 
identified trends. The Large-Vessel experiments 
consisted of four tests with different break sizes, the 
initial water level being the same for all tests. The 
Small-Vessel experiments included cases with four 
break sizes (some of which included a vessel 
restriction plate), and two initial water levels. All tests 
were initiated at a system pressure of about 70 bar. 

• Experiment 
Vb=1.3 [m/s] (*) 

• - • • Vb=Wilson 

Fig. 9: Effect of the bubble-rise velocity (Vb) on the 
mixture level (Test 1004-3). 

For comparison of the code predictions with the 
experimental database, the nodalization shown in 
Fig. 2 was used, together with the BRM base-case 
parameters and the pressure-dependent, Wilson 
bubble-rise velocity model [1]. Good predictions of the 
depressurization rates were obtained by adjusting the 
valve contraction coefficients, found to be Cn~0.9 and 
Cn~0.7 for the Large-Vessel and Small-Vessel tests, 
respectively. These adjustments resulted in lowering 
of the maximum elevation reached by the two-phase 
mixture, and a reduction in the discrepancy for the 
timing of this maximum. 
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Fig. 10: Wilson bubble-rise velocity for different 
experimental tests: Vb=1.3 m/s being the 
base-case value and (dP/dt)j the initial 
depressurization rate. 

The main finding is that the base-case parameters 
lead to an underestimation of the mixture level peak 
elevation for cases where the steam line was not 
reached, and an overestimation otherwise. The 
Wilson model (Fig. 10), on the other hand, is 
considered to have performed well. It must be stated 
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that this option was used together with the 
homogeneous model option (Co=0) for consistency 
with the Wilson's methodology (which is based on an 
axially-averaged value of the bubble-rise velocity). In 
Fig. 10 is shown the bubble-rise velocity for four tests 
(1004-3, 1004-2, 5801-15, 5702-16) as calculated by 
RETRAN-3D. Each of these tests is characterized by 
its initial depressurization rate (dP/dt)j. The Figure 
shows how the bubble-rise velocity increases over the 
first 5 to 20 seconds of the transient, from a low value 
to a quasi steady-state value, and how both the rate of 
increase and final level depend upon the 
depressurization rate. The base-case value of Vb=1.3 
m/s is also shown. 

Among the Small-Vessel tests, two tests (8-28-1 and 
1004-2) clearly indicate venting of a two-phase 
mixture, and from the analysis of these tests comes 
the observation that the use of the base-case 
parameters delays significantly the calculated level-
shrink rate, as illustrated in Fig. 11, while the use of 
the Wilson model provides much closer agreement. 

4.51 1 1 1 1 1 

4 -

1.5 - Base-case BRM • 
• - • • Wilson BRM 
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0 20 40 60 80 100 120 
Time [s] 

Fig. 11: Comparison of the mixture levels obtained 
with the base-case and the Wilson bubble-
rise velocities (GE Test 1004-2). 

It must also be added that the conclusions reached 
here are not sufficient to fully characterize the 
behaviour of the mixture level in more complex 
situation such as the mixture level in a BWR pressure 
vessel during blowdown conditions, since, in addition 
to flashing, the net mass and enthalpy balance over 
the nodes under consideration can play an important 
role as well, as will be further shown in Section 3.5. 

3 APPLICATION TO BWR STEAM-LINE-
BREAK SCENARIO 

3.1 Problem description 

The objective of the main steam line break analysis 
applied to a BWR plant consists of calculating the 
release of steam and liquid transported to the turbine 

building following a break in a main steam line. The 
two most relevant components for mitigating this 
event are the flow limiters and the main steam 
isolation valves (MSIVs). The design of the integrated 
venturi-type flow limiters defines the maximum steam 
blowdown rate, while the release of primary coolant is 
limited by the closure of the MSIVs (Fig. 12). 
Therefore, one objective of the steam line break 
analysis is to assess the impact of an early reactor 
isolation as a consequence of a reduced MSIV 
closure time. The following cases were investigated: 

• 200% break, 10 second MSIV closure time, 
• 200% break, 5 second MSIV closure time, 
• 10% break, 5 second MSIV closure time. 

The first case is used for benchmarking the RETRAN-
3D analysis against the results of a BWR safety 
analysis report (SAR). 

3.2 Sequence of events 

The first response to a break in one of the main steam 
lines inside the turbine building is a rapid increase in 
steam flow as the reactor depressurizes. A steam line 
high-flow signal detected in the two flow limiters 
involved initiates MSIV closure (for all valves) shortly 
after the break, which is followed by a reactor scram 
as soon as the MSIVs reach the 90% open position. 
The flow limiters restrict the steam flow rate out of the 
reactor pressure vessel (RPV) to the maximum 
allowed under critical flow conditions. Referring to one 
flow limiter, this value is approximately twice as large 
as the rated flow for 100% power operation. 

As a consequence of the reactor blowdown, and the 
subsequent decrease in reactor pressure, the reactor 
water level will swell, due to flash evaporation, with 
the result that the two-phase level will rise up to the 
steam nozzles and liquid will flow out into the steam 
lines. Finally, this event is terminated by the complete 
closure of the MSIVs. 

Table 2: Values used for initial conditions at hot-
standby in the RETRAN-3D BWR steamline-
break analysis. 

Parameter Value Used in Analysis 

Core power 5% of nominal 

Reactor water level 100% of nominal 

Core mass flow 
rate 

35% of nominal 

System pressure 93% of nominal 

Pressure in turbine 
building 

1 bar 

MSIVs MSIVs related to turbogroup A open; 
MSIVs related to turbogroup B closed 

Position of turbine 
bypass valves 

Closed 

Position of turbine 
stop valves 

Open 
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3.3 Initial Conditions 

Because the water inventory for a given reactor water 
level is larger at hot-standby than at full power, as a 
consequence of the lower void fraction in the core, the 
upper plenum and the separators, the amount of 
primary coolant discharged by the steam line break 
will be larger than under normal operating conditions. 
The RETRAN-3D analyses were therefore performed 
for hot-standby conditions, for which the main 
parameters are summarized in Table 2. 

3.4 RETRAN-3D model and analyses 

3.4.1 Nodalization 

The main steam line break analysis with RETRAN-3D 
was carried out based on a comprehensive system 
model including the reactor pressure vessel and its 
internals, the reactor core, the two recirculation loops 
and pumps, the complete main steam piping system, 
the turbines, the turbine bypass lines, the condensers, 
and the blowdown lines. A total of about 200 nodes 
was utilized. A general overview of the main steam 
piping system and the postulated break in one of the 
two steam lines in the turbine building are given in Fig. 
12. Four main steam lines (denoted by A, B, C and D) 
are connected to the RPV. Each of these steam lines 
consists of the piping system, an integrated, venturi-
type, steam-flow restrictor (here referred to as flow 
llmltei'), and two MSIVs. In addition, a dual-function 
safety relief valve, and either a safety valve or a 
motor-operated pressure relief valve, are flanged to 
each main steam line upstream of the flow limiters. 
Inboard and outboard MSIVs are located on each side 
of the primary containment, which provides the 
separation of the drywell and pressure suppression 
pool from the reactor building. 

The 16-inch diameter main steam lines coming from 
the RPV join together in pairs, and the resulting two 
20-inch diameter lines (denoted by A and B in Fig. 12) 
penetrate the reactor building, and further 
downstream enter the turbine building. Both lines 
divide again into two 16-inch diameter lines that are 
finally connected to the turbines valves. 

For the RETRAN-3D analysis, the postulated break is 
modelled for the 20-inch diameter main steam line A 
at the entrance to the turbine building. The break is 
located at about 5 m downstream of the location 
called "Junction" in Fig. 12, and about 9 m from the 
corresponding outboard MSIV location. The details of 
the nodalization for the ruptured steam line in the 
vicinity of the turbine building are given in Fig. 13. 
Node 700 is a time-dependent volume — a special 
RETRAN control volume for which the constant 
thermodynamic conditions of the turbine building 
atmosphere are imposed. The activation of valves 
V18, V19, and V20 actually simulates the break 
(Section 3.4.3). 

Turbine Building 

MSIV 

Fig. 13: RETRAN-3D model of the main steam line 
break in the turbine building. 

During the model development stage, it was observed 
that the calculated coolant mass discharged in the 
turbine building is sensitive to the nodalization of the 
RPV components that involve phase separation 
during the depressurization phase. This mainly 
concerns the nodalization of the steam separators, the 
steam dryer, and the upper downcomer. Several 
nodalization schemes were examined, and 
reasonable results were obtained with the one shown 
in Fig. 14. 

The behaviour of the reactor water level is determined 
in RETRAN-3D by the bubble-rise model (BRM). The 
parameters that can be specified in this model, as 
already described in Section 2, are: (i) the bubble-rise 
velocity Vb, which can be either a user-defined 
constant (or a function defined within the code 
"control" system) or a code-calculated value based on 
the Wilson correlation; (ii) the initial two-phase mixture 
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level; and (iii) the bubble-gradient Co. It should be 
noted that the input values of the BRM, in particular 
the bubble-rise velocity, can be adjusted by the code 
during steady-state initialization, if this option is 
employed. 

The obvious reason for using a bubble-rise model is 
that liquid flows out of a phase-separated volume only 
if the mixture level reaches the outlet elevation. This is 
different for standard RETRAN-3D control volumes in 
which the liquid and steam phases are 
homogeneously mixed. The RETRAN bubble-rise 
model is therefore the most appropriate option for 
tracking the reactor water level, and the associated 
primary coolant discharge out of the RPV. 

Special attention was given to the development of the 
model so that it conforms to the flow behaviour 
expected to occur in the RPV upper region of the 
nuclear power plant during a steam line break event. 
In contrast to the GE Level-Swell facility, there are 
three flow paths that need to be considered (Fig. 14a): 

Path 1: steam separators steam dryer steam 
dome main steam lines; 

Path 2: upper downcomer inside of the steam dryer 
assembly seal skirt steam dryer steam 
dome main steam lines; 

Path 3: annulus of the upper downcomer between the 
RPV and the steam dryer assembly seal skirt 
-> main steam lines. 

During the blowdown period of the main steam line 
break, the reactor water level swells for all three 
paths. When the level in Path 3 reaches the bottom of 
the main steam line nozzles, liquid is entrained. The 
two-phase mixture level in Path 1 can rise up to the 
top of the steam separator, and from there merge with 
that from Path 2, and cause swelling in the steam 
dryer. When the steam dryer is completely full, liquid 
can also flow into the main steam lines. 

It is expected that when fluid enters the steam lines, 
most of the liquid would flow through Path 3, and most 
of the steam through Paths 1 and 2. 

The expected flow behaviour as described above was 
correctly simulated with the nodalization scheme 
illustrated in Fig. 14. The radial nodalization of the 
RETRAN-3D plant model in the RPV upper region 
includes three separated volumes: one for the steam 
separators (here denoted as Separator Interioi), and 
two for the upper downcomer (here denoted as 
Separator Exterior and Dryer Skirt). The separator 
exterior node comprises the volumes delineated by 
the steam dryer assembly seal skirt and the steam 
separators. The dryer skirt node represents the 
volume between the steam dryer assembly seal skirt 
and the RPV, and extends vertically up to bottom of 
the steam lines. In order to obtain the correct flow 
behaviour, the height of the steam separator interior 
and steam separator exterior were extended to 
include the steam dryer volume. 

(a) Schematic of upper RPV (b) RETRAN model of upper RPV 

Fig. 14: RETRAN-3D nodalization for the upper RPV. 
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3.4.2 Code options selected 

The major code options used for the main steam line 
break analysis are summarized in Table 3. The 
analysis was carried out without coupling between 
thermo-hydraulic and neutronics. Instead, the core 
power was kept constant at 5% of full power 
throughout the transient. 

The rise of the reactor water level during the 
depressurization period depends on the separation of 
liquid and steam, which is mainly expressed by the 
bubble-rise velocity. It is obvious that smaller values 
result in a more rapid and larger rise of the level. In 
the context of a main steam line break analysis, the 
liquid phase would then reach the main steam line 
nozzles earlier, and more liquid would be entrained in 
the steam lines, and finally through the break into the 
turbine building. An analysis with the bubble-rise 
velocity close to zero is therefore considered as a 
conservative approach. Based on the results obtained 
from the separate-effect study (Section 2), the Wilson 
correlation for the bubble-rise velocity was selected 
for this analysis. The correlation is used together with 
the bubble-gradient parameter Co=0.85 for the 
separator interior, and Co=0 for the separator exterior 
and dryer skirt nodes. 

Table 3: Major code options of the RETRAN-3D main 
steam line break analysis. 

Code Option Details 

Code version RETRAN-3D MOD003 

Numerical scheme Four-equation option, thermodynamic 
equilibrium 

Slip Algebraic slip equation based on drift 
flux model of Chexal-Lellouche 
(isflag=3) 

Power generation Power table, 
no reactor kinetics model used 

Critical flow model Isoenthalpic expansion model 

Wilson bubble rise 
velocity correlation 

The correlation is used for all the 
bubble-rise volumes 

3.4.3 Modelling of the sequence of events 

The core power and recirculation pump speed remain 
unchanged after the initiation of the postulated break. 
After the break, the feedwater mass flow rate is kept 
constant at the value equivalent to 5% of steam 
production at full power. The undamaged 20-inch 
main steam line (i.e. line B in Fig. 12), is isolated prior 
to the break by closing its outboard MSIVs. The 
maximum initial steam vessel blowdown rate is set by 
adjusting the flow areas of the junctions associated 
with the flow limiters. 

The main steam line break is simulated by the three 
valves V18, V19 and V20 shown in Fig. 13. The 
valves V19 and V20 control the flow from the steam 
line to the turbine building, and valve V18 is used to 
simulate the piping misalignment in the case of a 
200% break. For the break sizes investigated here, 
the valve operation sequences are as follows: 

•200% Break: V19 and V20 open completely and 
V18 closes at break activation time 
within 0.1 ms. 

• 10% Break: V19 opens by 10% at break activation 
time within 0.1 ms, V18 remains fully 
open, and V20 is not used (i.e. 
remains closed). 

In the RETRAN-3D model, the turbines are simulated 
with time-dependent volumes, to provide the thermal-
hydraulic boundary conditions. In order to limit the 
steam flow from the turbine out of the break, Turbine 
A is isolated shortly after the break by the turbine stop 
valves. The closure of the outboard MSIVs connected 
to the ruptured main steam line is not triggered by a 
steam line high-flow signal. In accordance with the 
results of the BWR SAR analysis, they are closed at 
0.5 s after the activation of the break for both the 
200% and the 10% break analysis. Finally, the MSIV 
closure characteristic is based on a linear, time-
dependent table for the valve flow area. 

3.5 Results 

The break mass flow rates calculated by RETRAN-3D 
for the three cases analyzed are shown in Figs. 15a to 
15c. The results are normalized to the nominal main 
steam mass flow rate. The origin of the time scale is 
related to the break activation time. In addition, it 
should be noted that the break mass flow rate is 
defined here as that discharged at the steam line 
break; that is, referring to the model of Fig. 13, the 
sum of the flow rates from the steam line Nodes 561 
and 562 to the turbine building Node 700. 

In Fig. 15a, the results obtained for the 200% break 
with 10 s MSIV closure time are compared against the 
data of the BWR SAR analysis. One of the most 
important differences is the time delay for the liquid to 
start to flow out of the break. It takes 2.4 s in the BWR 
SAR analysis, and 3.4 s according to the RETRAN-3D 
simulation. Furthermore, the slope is much steeper for 
the BWR SAR analysis. The time delay and slope are 
mainly determined by the speed of the downcomer 
level swell, which itself is influenced by the timing of 
the void formation, by the bubble-rise model 
parameters, and by the initial reactor water level. The 
large peak (up to 390% of nominal main steam mass 
flow rate) at the beginning of the transient for the 
RETRAN-3D plot in Figs. 15a and 15b is the result of 
the rapid steam discharge out of both sides of the 
guillotine break in the steam line. Such a peak is not 
evident from the BWR SAR analysis. 

As expected, the RETRAN-3D analyses for the two 
cases with MSIV closure time of 5 s result in 
considerably smaller values of the total mass released 
compared with that for a closure time of 10 s. 
Moreover, there is almost no liquid mass release in 
the former case. 

The influence of the small break size of 10% is shown 
in Fig. 15c. After the closure of the MSIVs at 5.5 s, the 
ruptured main steam line is isolated at both ends, and 
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it takes another 15 s for complete depressurization to 
the ambient pressure of the turbine building. 

Time [s] 

Fig. 15a: RETRAN-3D versus BWR SAR analysis 
results for 200% main steam line break and 
10 s MSIV closure time. 

The numerical values of the integrated break mass 
flow rates are summarized in Table 4. The numbers 
are normalized to the total mass release of the BWR 
SAR analysis. 

Table 4: Relative integrated break mass flow rates for 
different steam line break scenarios. 

Analysis Total Mass [%] Liquid Mass [%] 
Steam Mass [%] 

BWR SAR 
• 200% break, 

10 s MSIV 
closure time 

100.0 75.5 24.5 

RETRAN-3D 
• 200% break, 

10 s MSIV 
closure time 

90.8 37.5 53.3 

• 200% break, 
5 s MSIV 
closure time 

37.3 3.0 34.3 

• 10% break, 
5 s MSIV 
closure time 

16.5 0.3 16.2 

RETRAN: Total Flow 
RETRAN: Liquid Flow 

• • • • RETRAN: Steam Flow 

Fig. 15b: RETRAN-3D result for 200% main steam 
line break and 5 s MSIV closure time. 

RETRAN: Total Flow 
RETRAN: Liquid Flow 
RETRAN: Steam Flow 

10 11 12 13 14 15 16 17 18 19 20 

Fig. 15c: 

Time [s] 

RETRAN-3D result for 10% main steam 
line break and 5 s MSIV closure time. 

As shown in Fig. 2 for the GE experiments, the 
swelling of the reactor water level during 
depressurization of the RPV depends on the bubble-
rise model. A sensitivity study was carried out with the 
RETRAN-3D BWR plant model for the bubble-rise 
velocity of the separator exterior and dryer skirt nodes 
(Fig. 14). The goal was to find out by how much the 
time delay td, for the onset of the liquid mass flow rate 
determined at the RPV main steam line nozzles, can 
be modified in order to eventually match the results of 
the BWR SAR analysis (Fig. 16). The time delay is 
defined as the time needed by the downcomer two-
phase mixture level to reach the RPV main steam line 
nozzles. The investigation was performed using the 
sum of the relative mass flow rates of the two 16-inch 
diameter main steam lines C and D at the exit of the 
RPV (Fig. 12). It should be noted that the RETRAN-
3D results shown in Fig. 16 and Fig. 15a are different, 
since they were calculated at different locations: i.e. 
the RPV exit and the break location, respectively. 

10 11 12 

Fig. 16: Time delay td for the onset of liquid mass 
flow for a 200% main steam line break and 
10 s MSIV closure time. 
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The bubble-gradient parameter was set at Co=0 
(uniform void profile) for the separator exterior and 
dryer skirt nodes, and at Co=0.85 for the separator 
interior node. For the entire study, the value 
determined by RETRAN-3D for the bubble-rise 
velocity of separator interior was Vb = 4.41 m/s. As 
mentioned above, this value is calculated at the 
beginning of the transient. Results are summarized in 
Table 5. 

Table 5: Effect of the bubble-rise velocity Vb on the 
time delay td for the onset of liquid flow for a 
200% main steam line break and 10 s MSIV 
closure time. 

Analysis Time delay td [s] 

BWR SAR 2.4 

RETRAN-3D 
Vb based on Wilson correlation a 3.4 
Vb = 1.29 m/s b 3.7 
Vb = 0.61 m/s b 3.5 
Vb = 0.15 m/s b 3.3 
Vb = 0.03 m/s b 3.3 

a for separator interior, separator 
exterior and dryer skirt 

b for separator exterior and dryer skirt 

The results of this study show a weak dependency of 
the time delay td on the bubble-rise velocity. In this 
context, an important difference is that the RETRAN-
3D model used for this sensitivity analysis is a 
complete plant model. Therefore, the results are also 
functions of the response of the nodes representing 
the RPV lower region, especially the lower 
downcomer. During an RPV depressurization as a 
result of a main steam line break, void is formed in the 
lower downcomer region. This effect is enhanced by 
the low subcooling for the downcomer for an RPV at 
hot-standby conditions. As a consequence of this void 
formation, a two-phase mixture flows into the upper 
downcomer, in particular in the dryer skirt, and 
therefore the downcomer mixture level is displaced 
upwards. It was found from this analysis that the 
contribution of mixture level rise due to inflow from the 
lower downcomer is the predominant factor compared 
to flashing that occurs in the upper downcomer. This 
is due to the relatively low depressurization rate (-1.5 
bar/s over the initial 3.5 seconds of the transient) 
when compared against the analysis of General 
Electric experiments (e.g. ~4 bar/s for the base case), 
in Section 2 above. The results from the Vb study 
therefore show that the RETRAN-3D results cannot 
yield a better match with the BWR SAR analysis data 
solely by selecting a conservative value of the bubble-
rise velocity. 

4 CONCLUDING REMARKS 

Simulations of the General Electric Level-Swell 
experiments with the operational-transient code 
RETRAN-3D have identified important model 
parameters for accurate predictions of the level swell 
during depressurization under blowdown conditions: 
namely, the bubble-rise velocity, the bubble-gradient 

parameter, and the valve contraction (or discharge) 
coefficient. While a fixed value for bubble-rise velocity 
is useful for calculating bounding limits, it remains of 
limited applicability when accurate prediction is 
required; for example, when the mixture level is a 
triggering signal in the course of the simulation. The 
Wilson correlation for the bubble-rise velocity was 
found to yield consistently good results. Significant 
adjustments needed to be made to the break-valve 
contraction coefficient in order to obtain the correct 
vessel pressure decay rate. 

In the case of more complex modelling, such as a 
reactor pressure vessel for the present BWR steam 
line break analysis, the axial and radial nodalization of 
the upper region was also found to play an important 
role in predicting the reactor water level during 
depressurization, and therefore particular attention 
was given to the nodalization scheme. The accident 
scenarios included different boundary conditions for 
the break sizes and MSIV closure times. The bubble-
rise model parameters, which are relevant to the 
calculated reactor water level swelling during 
depressurization, were selected based on simulations 
of the General Electric Level-Swell experiments. 

Agreement between the RETRAN-3D results and 
those of the reference analysis of the BWR SAR 
steam line break analysis was reasonable. The 
differences concerned primarily the delay for the 
mixture level to reach the steam-line nozzle, and also 
the quality of the two-phase mixture vented through 
the nozzle. The delay could not be explained with the 
bubble-rise velocity alone since flashing in the upper 
downcomer was found not to be the predominant 
factor in determining the level rise, due to the 
relatively low depressurization rate (compared to the 
General Electric experiments). A conservative, as 
opposed to the present best-estimate, methodology 
could explain the observed discrepancy, along with 
other factors, such as the initial water level. 
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RETRAN-3D ANALYSIS OF THE OECD/NRC 
PEACH BOTTOM 2 TURBINE TRIP BENCHMARK 

l/l/. Barten, P. Coddington 

This paper presents the PSI results on the different Phases of the Peach Bottom BWR Turbine Trip 
Benchmark using the RETRAN-3D code. In the first part of the paper, the analysis of Phase 1 is 
presented, in which the system pressure is predicted based on a pre-defined core power distribution. 
These calculations demonstrate the importance of accurate modelling of the non-equilibrium effects within 
the steam separator region. In the second part, a selection of the RETRAN-3D results for Phase 2 are 
given, where the power is predicted using a 3-D core with pre-defined core flow and pressure boundary 
conditions. A comparison of calculations using the different (Benchmark-specified) boundary conditions 
illustrates the sensitivity of the power maximum on the various resultant system parameters. In the third 
part of the paper, the results of the Phase 3 calculation are presented. This phase, which is a combination 
of the analytical work of Phases 1 and 2, gives good agreement with the measured data. The coupling of 
the pressure and flow oscillations in the steam line, the mass balance in the core, the (void) reactivity and 
the core power are all discussed. It is shown that the reactivity effects resulting from the change in the 
core void can explain the overall behaviour of the transient prior to the reactor scram. The time-
dependent, normalized power for different thermal-hydraulic channels in the core is discussed in some 
detail. Up to the time of reactor scram, the power change was similar in all channels, with differences of 
the order of only a few percent. The axial shape of the channel powers at the time of maximum (overall) 
power increased in the core centre (compared with the shape at time zero). These changes occur as a 
consequence of the relative change in the channel void, which is largest in the region of the onset of 
boiling, and the influence on the different fuel assemblies of the complex ring pattern of the control rods. 

1 INTRODUCTION 

Within the STARS project at PSI, the code 
environment for the coupled 3-D reactor-kinetics/ 
thermal-hydraulics transient analyses of the Swiss 
LWRs is based principally on RETRAN-3D and 
CORETRAN. (It should be noted that other codes are 
used for specific applications: e.g. RAMONA for BWR 
stability.) Both codes play distinct roles in this 
environment: RETRAN-3D is used for the analysis of 
coupled 3-D core/plant system transients, while 
CORETRAN is used for core-only dynamic analysis. 
An important aspect is that both codes are based on 
an identical neutronics algorithm, allowing the use of 
CORETRAN as an interface code to help prepare the 
3-D core model for RETRAN-3D. This approach forms 
the basis of the PSI 3-D transient analysis 
methodology. 

Participation in the OECD/NRC Peach Bottom 2 (PB2) 
Turbine Trip (TT) Benchmark [1] was prompted by the 
following considerations. Firstly, the PSI methodology 
has so far only been assessed for neutroncially driven 
transients [2], and for a PWR system transient [3]. 
Since the Benchmark addresses a BWR transient 
driven by system thermal-hydraulic perturbations, it 
extends the range of the codes' assessment. 
Secondly, the Benchmark incorporates three different 
phases, which are, from the PSI point of view, well 
suited to a comprehensive assessment of all the 
participating codes. Consequently, PSI participated in 
all three Phases of the Benchmark. 

The first part of the paper presents a summary of the 
RETRAN-3D results [4] for Phase 1, in which the plant 
system is modelled with the reactor power taken from 
the experimental data. In the second part of the paper, 
a selection of the RETRAN-3D results for Phase 2 are 

presented, in which a boundary condition model 
between the lower and upper plena is used with a 3D-
core. The results from CORETRAN for Phase 2, 
which laid the foundations for the 3D core model in 
RETRAN-3D, are presented in [5]. The third part of 
the paper summarizes the RETRAN-3D results for 
Phase 3, with the plant system fully coupled to the 
core 3D-neutronics and power calculation. More 
details are given in [6]. 

2 PHASE 1: FULL PLANT SYSTEM WITH PRE-
DEFINED POWER 

2.1 The RETRAN-3D Base Model 

The RETRAN-3D input model for the Phase 1 
calculation was developed from an early RETRAN-02 
model for Turbine Trip 1 [7]. From this model, we used 
the nodalization for the reactor vessel, including the 
steam separator and downcomer region, the re-
circulation loop and the steam lines. The reactor core 
region was re-nodalized (including the accompanying 
heat structures), to include 24 axial control volumes, 
in combination with a core exit volume and core inlet 
volume connected to the core bypass volume. 

From the Benchmark specifications [1], we used the 
time-dependence and axial profile of the pre-defined 
power, together with the feedwater flow, the turbine 
inlet flow rate, and the turbine bypass area. In 
addition, the value of the enthalpy in the steam dome, 
the dome pressure, and the flow rates at t = 0 were 
used. 

Finally, for the base case, the RETRAN-3D code 
option of the 4-equation model (thermal equilibrium) 
was employed. The Zolotar-Lellouche correlation was 
used to calculate the slip ratio for the two-phase flow, 
and, although the Chexal-Lellouche correlation is that 
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preferred in RETRAN-3D, it is sometimes difficult to 
obtain convergence for plant applications, while for 
the pressures considered here (>6.0MPa) the 
Zolotar-Lellouche correlation has been shown to give 
equally good agreement with steady-state void-
fraction experimental data [8]. 

In order to determine the dynamical response of the 
reactor system, it is important to understand the 
general flow of water in the reactor vessel, and how 
this is approximated using the RETRAN-3D 
nodalization (Fig. 1). Water is pumped from the jet 
pumps into the lower plenum. From there, the flow is 
directed upwards into the core region, where the 
water is heated and steam is produced. From the core 
region, the steam/water mixture flows into the upper 
plenum and through the standpipes into the 
steam/water separator. From there, the liquid part of 
the mixture flows into the "steam-separator-external" 
volume, while the gaseous fraction (steam) flows 
through the lower dryer into the steam dome, and 
from there through the steam line to the turbine. 

From the steam-separator-external volume, the liquid 
flows down into the upper downcomer, while a small 
amount of steam flows up into the lower dryer volume. 
From the upper downcomer, where the liquid from the 
steam-separator-external volume mixes with the 
feedwater, subcooled water flows down into the jet 
pumps. The separation of steam and water in the 
separator region is important for the system 
behaviour, and will be discussed in more detail below. 
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A comparison between calculated (base-case) and 
measured steam dome pressure, Fig. 2, shows 
generally, good agreement. The calculation 
reproduces the initial increase in the pressure as the 
pressure wave propagates along the steam line from 
the turbine, following the turbine trip and closure of the 
turbine stop valves. This is followed, between 0.5 s 
and 0.9 s by a pressure increase as the power 
increases, and later by the oscillations due to the 
pressure wave in the steam line, with a periodicity of a 
little below 1 s. The flattening of the curve after about 
3 s, and the beginning of the decrease as a 
consequence of the power reduction, is also 
reproduced by the calculation. 

The increase in the measured pressure at about 1 s, 
which is due to the closure of the turbine stop valve, 
and the power increase is larger than the calculated 
one by about 0.1 MPa, while after 1 s both curves are 
almost parallel. In order to investigate the possible 
reasons for the discrepancy in the initial pressure rise, 
we looked at two features of the plant representation 
and physical modelling. This was based on the 
knowledge that the system pressure is dependant on 
the energy (steam) production/conservation in the 
vessel and the pressure loss along the steam line. 

When the pressure loss coefficients in the turbine 
bypass line are increased, the steam dome differential 
pressure at times later than 3 s is also increased 
(Fig. 2). Up to about 2 s, however, there is no visible 
effect on the steam dome pressure, and in particular 
the increased pressure rise at about 1 s is not 
captured. Consequently, the reason for this increased 
rise is not in the turbine bypass line. This is because 
changes in the turbine bypass pressure losses only 
influence the steam dome pressure after the turbine 
bypass is almost full open and "steady-state" flow 
along the steam line has been established. 
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Fig. 1: Reactor nodalization (not to scale). 
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Fig. 2: Steam dome differential pressure versus time; 
variations of the base case. 

Since the pressure increase after 0.5 s is driven 
primarily by the additional steam production, which 
results from the power increase, it is important to 
determine the distribution, including any condensation 
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of this steam as it flows through the steam separators 
into the steam dome and upper downcomer regions. 

2.2 Investigation of Impact of Non-Equilibrium 
Effects 

2.2.1 Nodalization of Steam Separator Region 

In order to determine the distribution of the steam 
flow, it is important to follow the flow of steam through 
the separators into the steam dome [9]. In the reactor, 
two-phase flow from the core region passes through 
the standpipes and enters the steam separators. In 
each separator, the steam-water mixture passes 
turning vanes, which impart a spin to establish a 
vortex, thus separating the water from the steam. The 
denser liquid is thrown radially outwards by centrifugal 
force, forming a continuous film on the inside wall of 
the inner pipe. The separator water exits from under 
the separator cap and flows out between the 
standpipes, draining into the downcomer. Steam, with 
a quality of at least 90%, exits from the top of the 
separator and rises to the dryers. The dryers force the 
wet steam to be directed horizontally through the 
dryer panels. The steam is forced to make a series of 
rapid changes in direction while traversing these 
panels, during which the heavier drops of entrained 
moisture are forced to the outer walls, where 
moisture-collection hooks catch and drain the liquid to 
collection troughs, then through tubes into the vessel 
downcomer. By this process, the steam dryer 
assembly increases the quality of the steam to more 
than 99.9%, and this dry steam then flows into the 
steam dome and subsequently the steam lines. 

This behaviour is approximated in the RETRAN-3D 
model by control volumes (CV 1 - CV 5 in Fig. 3). A 
two-phase mixture from the core region flows into the 
steam separator volume (CV 1). In this volume, the 
RETRAN-3D bubble rise model option is used in order 
to define a liquid level below which two-phase 
conditions are established, whereas above this level 
there is only steam. The steam flows upwards to the 
lower dryer volume (CV 2), and continues to the 
steam dome volume (CV 3) and into the steam line. 
Two-phase flow, consisting of water with some vapour 
carryunder, flows from the steam separator volume to 
the steam separator external volume (CV 4). The 
junction between these two volumes is below the 
liquid level in CV 1. In the steam separator external 
(CV 4), a liquid level is defined, again using the 
RETRAN-3D bubble rise model, with a steam phase 
above the liquid level and a two-phase region below. 
At t = 0 there is a very small flow of steam from the 
steam separator external to the lower dryer volume 
(CV 2), while the main flow is of water draining into 
the upper downcomer (CV 5). 

Since the RETRAN-3D code option used in this 
analysis is the 4-equation model (i.e. full thermal 
equilibrium), the volumes of water in the steam 
separator (CV 1) and steam separator external (CV 4) 
control volumes are in equilibrium with the steam, and 
this will strongly influence the pressure increase per 
unit of steam generated in the core. For this reason, a 

re-nodalization of the separator/downcomer region 
was performed, and this is shown to give an increase 
in the steam dome pressure equal to the measured 
one at about 1 s (Fig. 2). In order to achieve this, the 
volumes of the steam separator and the steam 
separator external control volumes had to be reduced, 
while the volume of the upper downcomer control 
volume was increased to preserve the total volume of 
water. 

The main effect of the re-nodalization was a reduction 
in the energy transfer from the gas phase to the liquid 
phase, because the volume within which thermal 
equilibrium can be established is then smaller. 
Consequently, there is less condensation of the 
vapour as the pressure increases. To obtain the 
measured pressure increase, it was necessary to 
approximately halve the volume of the steam 
separator and steam separator external control 
volumes. 

to Lower to Jet 
Downcomer Pumps 

Fig. 3: Nodalization diagram of the steam 
separator/downcomer region. 

2.2.2 Two-Region Non-Equilibrium Model 

Another RETRAN-3D code option that can be used to 
obtain a reduced energy transfer between the liquid 
and the vapour region is the "two-region, non-
equilibrium model". In this model, RETRAN-3D divides 
the fluid in a bubble-rise control volume at the liquid 
level interface into two regions, the two regions being 
internally in thermal equilibrium, but not necessarily in 
equilibrium with each other. The "liquid" region below 
the interface, and the "vapour" region above the 
interface, have the same pressure, but in general 
have different temperatures; for example, because of 
superheated steam in the vapour region. The 
application of this model to the steam separator 
volume and the steam separator external volume, 
CV 1 and CV 4 in Fig. 3, also produced an increased 
pressure rise at about 1 sec (Fig. 4). A sensitivity 
study showed that the effect in the steam separator 
volume is negligible, and that the increased pressure 
rise at 1 s comes mostly from the steam separator 
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external volume. The reason for this is that, in the 
steam separator external volume, the pressure 
increase after 0.3 s leads to an increase in the steam 
temperature in the vapour region but, because of the 
non-equilibrium model, the energy transfer between 
the vapour region above the interface and the liquid 
region below the interface is reduced, thus 
maintaining the superheated steam in the vapour and 
dryer regions. In the steam separator region, however, 
there is a transfer of vapour from the liquid region at 
the level interface, because of the rising bubbles 
through the liquid region, and, relative to this, 
reduction in the energy transfer across the interface 
due to the non-equilibrium model has only a small 
effect. 
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Fig. 4: Steam dome differential pressure versus time: 
two-region, non-equilibrium, 5-equation 
model. 

2.2.3 "5-Equation" Model 

Using the RETRAN-3D "constrained non-equilibrium" 
or "5-equation" model in the steam separator and 
steam separator external control volumes also 
reduces the heat transfer between the vapour and the 
liquid phase. Thus, the pressure at about 1 s in the 
steam dome is increased (Fig. 4). This increase, 
however, is much smaller than for the two-region, 
non-equilibrium case. The reason for this is that the 5-
equation model, when used in conjunction with the 
bubble-rise model, influences only the heat transfer 
within the regions above and below the liquid level, 
and does not consider the heat transfer across the 
liquid-level interface. The smaller pressure rise of the 
5-equation model is also in line with the properties of 
the different models. While the homogeneous 
equilibrium model for a two-phase mixture constrains 
all phasic temperatures to the saturation temperature 
at the respective pressure, the 5-equation model 
constrains the vapour phase to the saturation 
temperature only and permits the liquid temperature to 
float freely. It is clear that, since there is no 
mechanism for sub cooling the liquid in CV 1 and CV 
4 (Fig. 3), a major impact on the pressure increase 
through the use of this model is not to be expected. 

2.3 New Version of RETRAN-3D 

The calculations presented above were performed 
using RETRAN-3D MOD003.0 [10]. Recently, 
RETRAN-3D has been updated to MOD003.1 [11], 
thereby correcting the area-change pressure drop for 
the case of multiple junctions. The influence of this up-
date, for example for the calculation with the two-
region, non-equilibrium model, is shown in Fig. 5, 
which confirms that the calculations using MOD003.0 
and MOD003.1 are nearly identical. 

It should be noted that the combination of the two-
region, non-equilibrium model with the 5-equation 
model in the same control volume is currently not 
available in either code version, and the 4-equation 
model is always used in the code in combination with 
the two-region non-equilibrium model. Therefore, 
calculations using the 4-equation and 5-equation 
options in the steam separator and steam separator 
external volumes, together with the two-region non-
equilibrium model, always produce the same results 
(Fig. 5). Such a combination, allowing non-equilibrium 
between the liquid and the vapour regions in 
combination with non-equilibrium between the liquid 
and the vapour phases in the liquid region, would 
usefully extend the modelling capabilities of the code. 
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Fig. 5: Steam dome differential pressure versus time: 

a comparison of the 4-equation and 5-
equation models, and different RETRAN-3D 
versions. 

2.4 The Non-Equilibrium Model and Parameter 
Variations 

In the previous Sections, we saw that the two-region 
non-equilibrium model gave improved agreement with 
the measured pressure in the steam dome. We have 
also seen that the agreement at later times can be 
improved by increasing the pressure losses in the 
turbine bypass line (Fig. 2). That is, when the change 
in the bypass line is combined with the two-region, 
non-equilibrium model in the steam separator regions, 
the calculated pressure after 3 s is in excellent 
agreement with measured data, while there are still 
some differences between 1 s and 3 s 
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(Fig. 6). However, as described above, the change in 
the bypass line has almost no effect on the differential 
pressure in the steam dome for times up to 2 s. 

Finally, we investigated a further feature of the steam 
separator region: the steam separator fluid inertia. 
Because of the complex flow behaviour in the steam 
separator volume, i.e. flow in a vortex, there is no 
unique value for the inertia appropriate for all 
conditions and transients. To analyse the sensitivity to 
fluid inertia, we approximately doubled the value in the 
steam separator inlet, and more than doubled the 
value in the steam separator exit to the lower dryer 
(see Fig. 3). These values were chosen based on an 
early analysis of this transient [7], together with recent 
discussions [April 2002] in the e-mail forum of the 
Benchmark. The effects of these changes on the 
steam dome differential pressure are relatively small 
(Fig. 6) for the case considered here, i.e. with a pre-
defined power. 
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Fig. 6: Steam dome differential pressure versus time: 
the two-region, non-equilibrium models and 
variations. 

2.5 Summary of RETRAN-3D Analysis of PB2TT 
Phase 1 

In summary, we saw in the above Sections that the 
manner in which the heat transfer between the liquid 
and vapour phases is treated in the two-phase regions 
(steam separator and steam-separator external 
volumes in Fig. 3) had the most influential impact on 
the transient pressure prediction. Two sensitivity 
calculations were subsequently performed: firstly, to 
understand the importance of the volume of liquid with 
which the vapour is brought into equilibrium as the 
pressure increases (re-nod separator sensitivity); and 
secondly, the importance of heat transfer across the 
free surface in the steam separator external volume. 
Since these two effects relate to two different physical 
phenomena, a final calculation was performed (Fig. 7) 
showing their combined effects. The result is very 
close agreement between the calculation and 
measurement up to about 2 s, after which (as 
discussed above), the modelling of the pressure 
losses along turbine bypass line become important. 
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Fig. 7: Steam dome differential pressure versus time: 
sensitivity to non-equilibrium conditions. 

3 PHASE 2: PRE-DEFINED CORE BOUNDARY 
CONDITION MODEL 

The principal aim of Phase 2 of the Benchmark was to 
define the 3D core for the Phase 3 calculation. 
Consequently, flow and/or pressure boundary 
conditions at the lower and upper plenum were 
provided in the Benchmark specifications for the 
generation of a "core-only" model. Since, in Phase 2, 
these (calculated) boundary conditions were 
stipulated by the Benchmark co-ordinators, no 
comparison with measured data was possible. 

3.1 The RETRAN-3D Model 

In the PSI methodology, the input required for 
RETRAN-3D to perform a 3D core calculation consists 
of three separate input files, two of which are 
prepared by CORETRAN, and the remaining one 
forms part of the normal RETRAN-3D input structure. 
The two files prepared by CORETRAN consist of a 
transient cross-section (tcs) file, and a file containing 
geometric information for all the individual fuel 
assemblies (cdi or CORETRAN Data Interface file). 
The additional information contained within the 
standard RETRAN input includes a "map" which 
allocates each reactor fuel assembly to a given 
RETRAN core hydraulic channel (a total of 34 such 
channels were used in the present analysis, see 
below). Thus, prior to the RETRAN-3D calculation, a 
CORETRAN analysis [5] of Phase 2 was performed to 
provide well-founded parameters for the 3D core. The 
Phase 2 calculation is described briefly below, while 
more information is given in the Section describing 
Phase 3 of the Benchmark. 

If we now consider the flow in the core region, we see 
that the flow from the lower plenum is mainly to the 
core inlet volume, with a small fraction of the total core 
flow flowing through the core bypass volume (Fig. 8). 
From the core inlet volume, most of the coolant flows 
into the core, while again a small amount enters the 
core bypass volume. The core region is represented 
by 34 thermal-hydraulic channels, each with 24 axial 
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nodes, and the flow through each channel 
corresponds to the combined flow through a certain 
number of fuel assemblies. The steam/water mixture 
flowing out of the top of the core channels flows into a 
single core exit volume, and from there into the upper 
plenum, where it mixes with the core bypass flow. 

To Standpipes 

From 
Jet pumps 

Fig. 8: Core region nodalization (not to scale). 

In the current (Phases 2 and 3) calculations, the 
neutronics parameters of each of the 764 fuel 
assemblies have been entered at 24 axial levels. The 
combining, or "lumping", of the flow through these 
assemblies into the 34 thermal-hydraulic channels is 
that suggested in the Benchmark specification 
(Ref. [1], Fig. 3.2.2), except that for numerical reasons 
Channel 26 was subdivided into two different 
channels, with numbers 26 and 34; see Section 4 for 
more information. The neutronics parameters for the 
fuel assemblies and control rods were generated in a 
manner similar to the PSI CORETRAN analyses of 
Phase 2 of the Benchmark. 

3.2 Selected Results 

In the Benchmark specifications, different options 
were provided for boundary conditions for the Phase 2 
calculations. In all of these options, the upper plenum 
pressure is used as (outlet) boundary condition, and 
the same lower plenum fluid enthalpy is used. In one 
option, the total flow rate through the lower plenum 
into the core region, i.e. the sum of the core and 
bypass flows, is used as the inlet boundary condition 

(Fig. 9a, dashed line), which completes the 
information needed to calculate the power (Fig. 9c). 
We can compare this with a second option in which 
the pressure in the lower plenum is used as the inlet 
boundary condition. With this option, a slightly smaller 
inlet flow rate (Fig. 9a, solid line) for the core region 
(relative to the flow boundary condition case) is 
calculated. In addition, the core exit flow rate is also 
reduced. Together, this results in a slightly reduced 
net flow of water into the core region before the time 
of the power maximum (Fig. 9b), which in turn means 
a smaller increase in the (void) reactivity. These slight 
differences in the flow behaviour lead to a power peak 
for the pressure boundary condition case about 20% 
lower than that for the flow boundary condition case. 

flow be 
pressure be 

0.6 0.8 1.0 
time [sec] 

Fig. 9: Flow rates and normalized power of Phase 2 
calculations around the power peak for two 
different sets of boundary conditions. 
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This illustrates the sensitivity of the power peak to 
small changes in the system parameters; namely, in 
the lower plenum flow rate and pressure. The dynamic 
response of the system with close interaction of the 
thermal-hydraulic properties with the core power is 
discussed in more detail in the following Sections for 
Phase 3. 

4 PHASE 3: FULL PLANT SYSTEM COUPLED 
WITH THREE-DIMENSIONAL CORE 

4.1 The RETRAN-3D Model for Phase 3 

The RETRAN-3D input model of the reactor system 
for Phase 3 of the Benchmark exercise is based on 
the model for the Phase 1 calculation [4], described 
above in Section 2. In the Phase 1 calculation, 
however, the core was represented by a single 
thermal-hydraulic channel with 24 axial control 
volumes, and the reactor power was taken from the 
experimental data, but in Phase 3 a 3D core model is 
used instead. The region between the lower and 
upper plena is the same as that in the Phase 2 
calculation. 

4.2 Comparison with Measurements 

The results of the RETRAN-3D Phase 3 calculation 
are presented in this Section. The calculation (Fig. 10, 
solid lines) was performed using the same model and 
code options as for Phase 1, including the two-phase, 
two-region, non-equilibrium model (see Section 2). 
Results are generally in good agreement with the 
measured data (Fig. 10, dotted lines). The calculated 
maximum of the normalized power, Q(t), occurs only 
slightly earlier, and is slightly smaller, than 
measurement (Fig. 10a). 

The thermal-hydraulic behaviour of the reactor, as 
represented by the steam dome (Fig. 10b) and the 
core exit relative (Fig. 10c) pressures, are well 
predicted. The calculation shows, between t = 0.5 s 
and t = 0.9 s, the initial increase in the pressure as the 
pressure wave propagates along the steam line from 
the turbine, followed by the pressure rise as the power 
increases. The calculation also shows the pressure 
oscillations due to pressure wave propagation back 
and forth along the steam line, with a periodicity of 
about 1 s. The flattening of the pressure curve after 
about 3 s, and the beginning of the pressure decrease 
as a consequence of the power reduction, is also 
reproduced by the calculation. After about 1 s the 
calculated pressures are about 0.05 MPa below the 
measured ones, and are in very close agreement with 
the Phase 1 predictions with the pre-defined core 
power (dashed lines). 

In the analysis of Phase 1 (Section 2 above and [4]), 
sensitivity of the model to the original base case was 
investigated, in particular with respect to non-
equilibrium effects in the steam separator region and 
to pressure losses in the turbine bypass line. The 
improvements with respect to the non-equilibrium 
effects were included in the 3D model, since they 
influence the magnitude and timing of the power 

maximum, while those relating to pressure losses in 
the turbine bypass line, becoming effective only after 
t = 2 s, were not included. 

The Phase 3 calculation, which is a culmination of the 
analytical work of Phases 1 and 2, shows that it is 
possible, using RETRAN-3D, to perform an accurate 
analysis of a system-driven transient with a 3D core 
on the basis of the PSI analytical methodology of 
preparing the transient neutronics cross-sections and 
core geometry within the CORETRAN code. 
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Fig. 10: Comparison of calculated and measured 
powers and pressures. 

4.3 Dynamic Response of the System 

In this Section, we analyze the dynamics of the 
reactor system during the transient, in particular 
around the time of maximum power. 
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4.3.1 Before Scram 

We first discuss the behaviour before t = 0.75 s, i.e. 
prior to control rod insertion. The transient is initiated 
at t = 0 when the turbine is tripped and the turbine 
stop valve starts to close. The flow rate from the 
steam line to the turbine reduces quickly from the 
steady-state value of -1000 kg/s to zero at t = 0.096 s 
when the turbine stop valve is completely closed. 
Simultaneously, at t = 0.06 s, the turbine bypass valve 
begins to open, and is full open at t = 0.852 s. The 
flow through the turbine bypass is choked, and has a 
100% capacity of -600 kg/s. The steam line exit flow 
(Fig. 11a, dashed line), which is the sum of the 
(rapidly decreasing) flow through the turbine and the 
(slowly increasing) flow through the turbine bypass, is 
determined up to t = 0.1 s by the flow through the 
turbine, and later by that through the turbine bypass. 
Thus, at t = 0.1 s, there is almost no flow at the steam 
line exit, but at the same time there is still the full flow 
rate of -1000 kg/s from the steam dome into the 
steam line (Fig. 11a, solid line). These two effects 
generate a net mass flow into the steam line. 
Consequently, the pressure in the steam line 
increases, at first close to the exit to the turbine. The 
pressure rise then propagates as a pressure wave 
back along the steam line to the steam dome, leading 
-0.25 s later to a reduction of the steam flow at the 
steam line inlet. After t = 0.3 s, the flow at the steam 
line inlet begins to decrease, and eventually falls 
below zero. Between t = 0.4 s and 0.65 s, there is a 
reverse flow of steam from the steam line into the 
steam dome (Fig. 11a, solid line), with a maximum of 
- 600 kg/s at t = 0.46 s. 

The reduced mass flow between the steam dome and 
the steam line after t = 0.3 s causes the pressure to 
rise in the steam dome (Fig. 10b). A pressure wave 
then propagates through the steam separator external 
volume to the lower plenum (Fig. 1). The pressure rise 
at the core inlet (Fig. 8), then leads to an increase in 
the mass flow into the core (Fig. 11b, solid line), with a 
maximum at t = 0.5 s. In addition, the pressure rise in 
the steam dome produces a wave, which propagates 
down through the steam separator to the upper 
plenum (Fig. 1). The pressure rise at the core exit 
(Fig. 8) results in a reduced mass flow from the core 
exit (Fig. 11b, dashed line), with minimum flow 
occurring at about t = 0.55 s. The response of the flow 
at the core exit is slower than that at the core inlet 
because the pressure wave propagates faster through 
the liquid in the path from the steam separator 
external to the lower plenum than through the (more 
compressible) steam/water mixture in the path from 
the steam separator to the upper plenum. The 
increased core inlet flow and the decreased core exit 
flow together produce a net positive mass flow into the 
core (Fig. 11b, dash-dotted line). The maximum of this 
net mass flow is about 4000 kg/s at t = 0.55 s, which is 
more than twice the maximum flow rate reduction at 
the steam line inlet. Fig. 11: Flow rates, reactivities and power around the 

time of maximum power. 
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The "squeezing" of the core by the pressure wave 
propagation through the lower and upper plena results 
both in an increase in the liquid (mass) content of the 
core and an increase in the core pressure. The net 
mass flow into the core increases the void (or density) 
reactivity (Fig. 11c, dashed line). 

The increase in reactivity then leads to a power rise 
(Fig. 11d, solid line). The enhanced heat generation, 
and consequently the heat transfer to the coolant, 
promotes vaporization of water in the core, which in 
turn causes a further increase in the core pressure. 
This balances the pressure at the core inlet and exit 
and reverses the mass flow into the core, so that, after 
0.65 s, there is, for a period of 0.15 s, a net mass flow 
out of the core. The result of this is that the void 
reactivity peaks at - 0.65 s, and then slowly 
decreases. The Doppler reactivity effect is small (Fig. 
11c, dash-dotted line), and acts only as a second-
order correction. Thus, the total reactivity p(t) seen in 
Fig. 11c (solid line) is dominated by the void reactivity, 
and also peaks at about t = 0.65 s. The maximum in 
the normalized power, Q(t), follows closely at 
t = 0.68 s (Fig. 11d, solid line). For comparison, the 
measured power is also included (Fig. 11d, dotted 
line). Note that the reduction in power begins well 
before the insertion of the control rods at 0.75 s. 

The power behaviour can be understood in qualitative 
terms for this fast transient by a "prompt jump 
approximation" [12], which predicts the normalized 
power to be 

fi(0= 
p 

fi-p(t) (1) 

The total delayed neutron fraction at the start of the 
transient is p = 0.005526 [1, Table 2.3.1]. The power 
calculated from the prompt jump approximation 
(Fig. 11d, dashed line) rises slightly earlier than the 
power calculated by RETRAN-3D because it assumes 
an immediate response of the power with respect to 
the reactivity. The power maximum is also slightly 
earlier than that calculated by RETRAN-3D, and 
coincides with the time to the reactivity maximum. It is 
also smaller, because the increased level of delayed 
neutrons due to the power rise has not been taken 
into account. The sensitivity of the power maximum to 
the core inlet flow rate, observed in the Phase 2 
calculations, can be seen in the prompt jump 
approximation of the power ~ ( [ 5 - p ( t ) y considering 
that the total reactivity approaches the delayed 
neutron fraction. 

4.3.2 After Scram 

The reactor scram is activated at t = 0.63 s, but since 
the control rods have a response time of 0.12 s, 
control rod insertion begins at t = 0.75 s. (It should be 
noted that the scram activation at 0.63 s was part of 
the Benchmark specification, and is not connected to 
any plant signal.) The total reactivity is then further 
reduced by the control reactivity (Fig. 11c, dash-dot-
dot-dash line). At t = 0.85 s, the total reactivity falls 

below zero. With its further decline, the power is also 
reduced. This means that less vapour is being 
produced in the core, which leads to a net inflow of 
water. A continuous net mass flow into the core, 
however, begins only after t = 1.3s (i.e. beyond the 
time scale given in Fig. 11). The (mostly) negative 
values of the core flow balance between t = 0.7 s and 
t = 1.3 s occur as a consequence of the power 
increase, which leads to an increase in the heat 
transfer into the coolant, and thereby enhanced 
vaporization and core pressurization. Superimposed 
on the general behaviour of the core mass balance 
(Fig. 11b) are the oscillations which occur as a 
consequence of the pressure wave propagations 
(back and forth) along the steam line. In addition, the 
oscillations of the steam line inlet flow relative to the 
exit flow also continue, in line with the pressure 
oscillations in the steam line after the time frame 
presented in Fig. 11, but with decreasing amplitude. 

4.4 Analysis of the Three-Dimensional Core 

In the previous Section, we analyzed the reactivity 
and total power of the core. In this Section, we 
determine the 3-dimensional power shape by 
examining the power in different thermal-hydraulic 
channels, concentrating on the time before scram. 

4.4.1 Thermal-Hydraulic Channel Radial Map and 
Control Rod Map 

In the Phase 3 calculation of the core behaviour, the 
combining, or "lumping", of the flow through the 
different fuel assemblies into the 34 thermal-hydraulic 
channels is that suggested in Ref. [1], except that 
since RETRAN-3D will not combine assembly types 
with different numbers of fuel rods within the same 
hydraulic channel, Channel 26 in [1, Fig. 3.2.2] was 
subdivided into two separate channels: Number 26 
(for the 4 outermost fuel assemblies with Assembly 
Design 5 [1, Fig. 2.4.2]), and Number 34 (for the 4 
innermost fuel assemblies with Assembly Design 4). 
Figure 12 is a radial map of the thermal-hydraulic 
channels; those mentioned above have been 
highlighted. The neutronics parameters of the fuel 
assemblies and control rods are generated in a 
manner similar to the PSI RETRAN-3D and 
CORETRAN analysis of Phase 2 of the Benchmark, 
already described in Section 3. 

The reactor core consisted of a complex pattern of 
control rods prior to the initiation of the transient (Fig. 
12), with a significant number of partially inserted 
rods. The details of the control rod pattern are given in 
[1, Fig. 5.2.1]. Some important features of this pattern 
are a bank of 4 control rods inserted to 1/3rd of their 
length surrounds the inner part of the core. This 
region is surrounded by another bank of 8 control 
rods, which are almost fully (11/12) inserted. Outside 
of this is a ring of 24 control rods, which are between 
1/4 and 1/2 inserted. Finally, on the outside, there is a 
ring of 24 control rods consisting of 8 fully inserted 
control rods: 12 control rods with -1/4 insertion, and 4 
with 1/6 insertion. 
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Fig. 12: Thermal-hydraulic channel radial map, with C 
differently inserted control rods. 

4.4.2 Channel-Averaged Power 

The change in the power production as a function of 
time in the different fuel assemblies is almost 
homogenous. To illustrate this, the normalized power 
distributions of the fuel assemblies in Channels 1 ,10 
and 26 are shown in Fig. 13. Channel 1 is 
representative of those inside the ring of 8 nearly fully-
inserted control rods. Channel 10 is typical of the 
channels outside this ring, and at the time of 
maximum power it has the highest power density of all 
the channels in the core. Channel 26 is close to the 
periphery of the core, and is the furthest away from 
the region with control rods. 

Figure 13a gives the power t = 0 to t = 1.2 s, while Fig. 
13b shows the detailed behaviour close to the 
maximum. The time-dependency of the power in the 
individual channels is almost identical. The rise of the 
normalized power in Channel 10 (Fig. 13b, dotted line) 
is slightly larger than that in Channel 26 (dashed line), 
which again is larger than that in the centre of the 
core: Channel 1 (dash-dotted line). However, the 
differences are only a few percent. 

1,10, 26, 34 highlighted. The + symbols represent 

time [sec] 
Fig. 13: Time-dependent channel power. 
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4.4.3 Axial Profiles of Channel Power 

Figure 14a shows the axial distribution of the 
normalized power density, Qchno(t = 0), at time zero for 

Channels 1, 10 and 26. As can be immediately 
noticed, the axial profiles are different, both in shape 
and magnitude. Channels 1 and 10 have their power 
maxima at about mid-height, with asymmetry around 
the maxima such that the power increase below the 
maximum is steeper than the power decrease above 
it. This is typical behaviour for most of the channels in 
the core. Channel 26, and some others at the 
periphery of the core have their power maxima close 
to the core inlet. 

The power profile for Channel 26 is typical of those far 
away from the control rod banks, and in particular 
from those banks with partially inserted control rods. 
The power profile in the fuel assemblies in the centre 
of the core, surrounded by the second, nearly fully 
inserted, ring of control rods, is of similar shape to 
Channel 1, with a plateau at the lower end of the core. 
This reflects the influence of the innermost bank of 
control rods, which are 1/3 inserted, and surround the 
centre of the core. Channel 10 shows the typical axial 
power profile of the channels outside the second ring 
of control rods, where the power in the lower half of 
the channel is depressed, but where there is no 
identifiable signature for the location of the tip of an 
individual control rod. On the other hand, Channel 10 
is surrounded by control rods which are inserted by 
different amounts: -1/4, 1/3, 1/2. 

The overall observation, therefore, is that, because of 
the complex control rod pattern present in the core 
prior to the transient initiation, there is a large range of 
different channel/fuel assembly axial power profiles. 

At the time of the power maximum, the axial shapes of 
the channel power densities are similar to those at 
time zero, though with some small variations (Fig. 
14b). On the average, the normalized power density 
0 , (t ) in Channel 1 is decreased by about 4%, en,no \ max / J 

and in Channel 26 by about 1.5%, while in Channel 10 
it is increased by about 1.5%. Channel 10 has the 
highest axially-averaged power density, and also the 
highest node-based power density at the time of the 
power maximum. The relative decrease in the centre 
(Channel 1) is due to the higher control rod density. 

The axial redistribution of the normalized power 
densities is similar for all channels, where, for 
example, the relative power density is increased at 
mid-height, but reduced at the lower and upper ends. 
This can best be seen in Fig. 14c, where the change 
in normalized power density, Qc K nXtmJ-Qc K n o{ t = Q), 

is shown. The power maximum of Channel 10 is 
increased by about 9%, Channel 1 by about 3%, while 
the axial location of the power maximum of Channel 
26 is displaced towards mid-height. 

As noted before, there is no movement of the control 
rods before the scram. Thus, all these changes, and 
in particular the redistribution of the axial power 

density are induced by changes in the void reactivity, 
and the influence of the complex ring pattern of 
control rods. In fact, the highest change in local void 
occurs immediately above the onset of boiling (Fig. 
14d). 

axial node 
Fig. 14: Axial profiles of channel power and void. 

This is produced as a result of the combination of the 
following effects. Firstly, prior to the increase in the 
core power, the increased flow rate of water at the 
core inlet, and the increase in subcooling as the 
pressure increases, moves the boiling boundary 
upwards, while, as a consequence of the 
compressibility of the two-phase mixture, the relative 
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change in the void fraction increases as the density 
increases. As the power increases, additional steam is 
produced as a result of the enhanced heating, which 
of course approximately follows the axial power 
profile. This point is discussed in greater detail in [6]. 

5 CONCLUSIONS 

The paper describes the PSI RETRAN-3D analyses of 
the Peach Bottom BWR Turbine Trip Benchmark, 
Phases 1, 2 and 3. The CORETRAN analysis of the 
Benchmark Phase 2 is presented elsewhere [5]. The 
main goal of the Benchmark participation was to 
assess the capability of RETRAN-3D for application to 
the coupled 3-D core/plant system transient, defined 
in Phase 3 of the exercise. In preparation for this, 
analyses of Phase 1, in which the RETRAN-3D plant 
system was initialised, and Phase 2, where the 3-D 
core model was developed, were also performed. 

In the first part of the paper, the RETRAN-3D analysis 
of Phase 1 is presented. In this Phase, a RETRAN-3D 
plant system model was developed to predict the 
steam dome pressure using the pre-defined transient 
core power distribution. The results of the calculations 
are in good agreement with the measured data, in 
particular the steam dome pressure. In the paper, we 
have demonstrated that the modelling of the steam 
separator/downcomer region is crucial if the pressure 
increase during the first 2 s is to be correctly 
predicted. Changes in the turbine bypass line 
pressure loss distribution also influence the system 
pressure, but only after the first 2 s. 

In order to demonstrate the importance of the 
modelling of the steam separator region, and to 
highlight the important physical processes we 
analysed and compared the impact of: re-nodalizing 
this region; using the 4-equation and 5-equation 
models; using a two-region, non-equilibrium model; 
and finally of changing the fluid inertia within the 
steam separator. For this Phase, in which the 
experimental power is used as a boundary condition, 
the calculation in which the steam 
separator/downcomer region is re-nodalized, and if a 
two-region, non-equilibrium model is used, provide the 
closest predictions to the measured system 
parameters (expressed in terms of the steam dome 
pressure). These results help to show that one of the 
most important mechanisms controlling the magnitude 
of the initial pressure rise, and therefore the power 
prediction in Phase 3, is the thermal dis-equilibrium in 
the separator and dryer region. Using the 5-equation 
model, or changing the inertia in the steam separator 
region, has a smaller effect. We also show that the 
most recent version of the code, RETRAN-3D 
MOD003.1, gives results very close to those obtained 
using the previous version. 

The second part of the paper presents a selection of 
the RETRAN-3D results for Phase 2. The analyses of 
the CORETRAN calculations for this Phase [5,13] 
provided confidence in the 3D core model, which was 
then transferred to RETRAN-3D. The RETRAN-3D 
calculations show that the 3D core was well integrated 

into the boundary condition model of Phase 2. 
Comparison of the results obtained with two (pre-
defined) sets of pressure and flow boundary 
conditions illustrate the sensitivity of the power 
maximum to changes in the system parameters 
influencing the core inlet and exit flow rates. 

Finally, in the third part of the paper, the results for 
Phase 3, using RETRAN-3D with the system model 
developed in Phase 1 and the 3D core from Phase 2, 
are presented. The RETRAN-3D core model used the 
Benchmark-specified, thermal-hydraulic channel 
"lumping" scheme, for which the flow through the 764 
fuel assemblies was represented by just 34 channels. 
The calculated reactor system behaviour for Phase 3 
is in excellent agreement with that for Phase 1 and 
with the measured data, while there is a small under-
prediction of the core power response. 

The Phase 3 calculation, therefore, which is a 
culmination of the analytical work of Phases 1 and 2, 
shows that it is possible to perform an accurate 
analysis of a BWR system-driven transient using 
RETRAN-3D with a 3-D core using the PSI analytical 
methodology of preparing the transient neutronics 
cross-sections and the core geometry within the 
CORETRAN code. 

The results for Phase 3 of the Benchmark are in good 
agreement with the measured data, in particular the 
power, the steam dome pressure and the core exit 
pressure. The following sequence of events in the 
transient are all well predicted by the code. The 
closure of the turbine stop valve, causing the 
interruption of the steam flow, leads to a pressure 
wave in the steam line which propagates back to the 
reactor vessel. The pressure wave then propagates 
down into the reactor vessel, leading to an increase in 
the flow from the lower plenum into the core, and a 
reduction in the flow out of the core into the upper 
plenum. These two effects combine to produce a net 
mass flow into the core, the amplitude of which is 
more than double the reduction in the flow into the 
steam line. The net mass flow into the core increases 
the void reactivity, which subsequently generates a 
power excursion. The power increase enhances the 
heat transfer into the coolant, which increases the 
core pressure, and so leads to a mass flow out of the 
core. This then reduces the void reactivity, and 
consequently also the power. After the power peak, 
the plant is shut down with a reactor scram. The 
reactivity effects resulting from the change in the core 
void can therefore explain the overall behaviour of the 
transient prior to the time of the reactor scram. The 
Doppler reactivity provides a second-order 
contribution to the termination of the power increase. 

Finally, the 3D nature of the core power distribution 
was investigated by analyzing the power density of 
the different thermal-hydraulic channels. It was found 
that the time-dependence of the channel-averaged 
power was similar for all the channels, while the 
differences in the relative channel powers, at the time 
of the power maximum, were within a few percent of 
each other. The axial distribution of the channel 
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powers at the time of the maximum power, compared 
to that at time zero, show a relative increase in the 
power at the core centre, but by a different amount for 
each channel. The changes in the power shape occur 
as a consequence of both the change in the void 
profile in each of the different channels, and the 
influence on the different fuel assemblies of the 
complex ring-pattern of the partially and fully inserted 
control rods. 
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REACTIVITY MEASUREMENTS ON BURNT AND REFERENCE FUEL SAMPLES 
IN LWR-PROTEUS PHASE II 

M. Murphy, F. Jatuff, P. Grimm, R. Seiler, A. Luthi, R. van Geemert, R. Brogli, R. Chawla, 
G. Meier (Kernkraftwerk Gosgen), H.-D. Berger (Framatome ANP) 

During the year 2002, the PROTEUS research reactor was used to make a series of reactivity 
measurements on Pressurised Water Reactor (PWR) burnt fuel samples, and on a series of specially 
prepared standards. These investigations have been made in two different neutron spectra. In addition, 
the intrinsic neutron emissions of the burnt fuel samples have been determined. 

1 INTRODUCTION 

Present-day and future challenges for the design and 
operation of nuclear power plants in Switzerland are 
being driven by the deregulation of the electricity 
market and the consequent fall in prices. Advances 
are being made in the optimisation of fuel elements, 
resulting in ever more complex and heterogeneous 
designs. One such advanced Boiling Water Reactor 
(BWR) element (SVEA96+) was investigated in the 
LWR-PROTEUS Phase I programme [1]. Another 
approach to optimising the return on investment is to 
lengthen the time the fuel remains in the reactor, i.e. 
to increase burnup. 

In order to obtain higher burnup, the initial 235U-
enrichment of the fuel is increased. In fact, the current 
tendency of fuel management and core design is to 
increase the initial 235U enrichment from about 4% to 
more than 4.5%, and the batch discharge burnup level 
is now typically about 50 GWd/t (instead of 30-40 
GWd/t). 

Running fuel to higher burnup requires accurate 
techniques, both for fuel assembly inspection, and for 
the analytical prediction of the operational 
characteristics of LWR cores containing the highly 
burnt fuel. From the physics viewpoint, this implies an 
accurate knowledge of isotopic compositions. Fuel 
rods with average burnup values beyond 50 GWd/t 
are characterised by relatively large amounts of 
fission products, and by a high abundance of major 
and minor actinides in a degraded U02 matrix. 
Moreover, the composition of actinides and fission 
products becomes ever more complex at increasing 
burnup levels. The most direct consequence of the 
increased complexity at high burnup is the increase in 
the discrepancies between predictions from different 
codes. 

A key task in seeking to improve calculational 
methods is the acquisition of precise experimental 
knowledge of the physical and chemical behaviour of 
high-burnup fuel in relation to a wide spectrum of 
needs. Short and medium term interests cover issues 
such as core-follow and core performance, shutdown 
worth and reactivity coefficients, and criticality safety 
of pool storage and transport casks. Longer-term 
considerations include topics such as resource 
utilisation, radiotoxicity reduction, waste disposal, and 
non-proliferation, which will all play key roles in a 
more sustainable utilisation of fission nuclear energy. 

Of particular interest is the change in the reactivity of 
the fuel as a function of burnup and the capability of 
modern codes to predict this change. Figure 1 shows 
a typical variation of k-infinity (i.e. the ratio of total 
neutron production to total absorption) with burnup. 

0 10 20 30 40 50 60 70 80 90 100 
Burnup [GWd/t] 

Fig. 1: Typical Variation of k-infinity with Burnup. 

2 LWR-PROTEUS PHASE II 

The ongoing LWR-PROTEUS Phase II programme 
[2], a continuing collaboration between the Swiss 
nuclear power plants and PSI, is the framework for the 
study of six uranium oxide (U02) and three mixed 
oxide (MOX) burnt fuel samples. These were all 
fabricated by the same fuel vendor (Framatome ANP) 
and discharged from the same Swiss PWR 
(Kernkraftwerk Gosgen). 

A list of the fuel rods under investigation is given in 
Table 1. The wide range of burnup levels under 
investigation (up to 85 GWd/t in the case of U02 and 
60 GWd/t in the case of MOX) will be extended in 
2003 to 100 GWd/t and 70 GWd/t, respectively, and 
two BWR samples will also be added to the list. 

Table 1: Selected Burnt Fuel Rods in Phase II. 

Fuel 
Type 

Sample 
Local Burnup Discharged 

u o 2 39.1 GWd/ton June 1996 
u o 2 53.5 GWd/ton June 1995 
u o 2 74.4 GWd/ton June 1995 
U 0 2 74.5 GWd/ton June 1995 
U 0 2 83.5 GWd/ton June 1995 
U 0 2 85.3 GWd/ton June 1995 
MOX 22.3 GWd/ton June 1998 
MOX 41.4 GWd/ton July 1999 
MOX 60.0 GWd/ton July 2000 
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The experimental investigations cover the following 
three independent, complementary approaches: 

(i) Post-irradiation examination in the PSI Hot Lab 
(Labor fur Werkstoff Verhalten) 
for the characterisation of fuel rod elongation and 
deformation, metallographic analyses, fission gas 
release measurement, cladding inspection, oxide 
thickness determination and axial gamma scans; 

(ii) Chemical assays (in the PSI Hot Lab) 
to quantify the isotopic composition of the nine 
most abundant major actinides, eight minor 
actinides and 33 fission products — the most 
important from neutronics, toxicity and radioactive 
source-term viewpoints; and 

(iii) Reactivity measurements (in PROTEUS) 
to compare the reactivity effects of the burnt fuel 
samples with well-characterised fresh fuel samples 
(some for calibration and others specially prepared 
with individual additives). 

The present paper reports principally on the first 
series of reactivity effect investigations carried out 
with the full range of samples. 

3 INVESTIGATIONS OF REACTIVITY EFFECTS 

The PROTEUS facility was modified during 2001 to 
include a 160 mm x 160 mm central PWR test zone of 
fresh, full-length fuel rods of 4.3w% 235U-enrichment. 
This fuel was supplied by Kernkraftwerk Gosgen, with 
support from their current fuel supplier Framatome 
ANP. Analogously, Kernkraftwerk Leibstadt and 
Westinghouse Atom have provided the BWR fuel 
assemblies placed in the outer 450 mm x 450 mm 
region of the test tank. In the spring of 2002, the fuel 
in the outer region was changed from SVEA96+ to 
SVEA96 OPTIMA2. The fuel configuration is 
illustrated in Fig. 2. 

Fig. 2: A view of the Fuel Configuration for LWR-
PROTEUS Phase II showing the Central PWR 
Region Surrounded by OPTIMA2 BWR 
Assemblies. 

A guide tube in the centre of the PWR region 
facilitates the insertion of test samples into the core 
centre. The driven nature of the reactor configuration 
enables a range of representative neutron-spectrum 
conditions to be investigated (standard spectrum with 
full-density H20, and hardened spectra with mixtures 
of H 20 and D20, or boric acid and H20). 

3.1 Transfer of Overcanned Burnt Samples 

Each of the burnt fuel samples has been overcanned 
in the Hot Lab with a special Zircaloy cladding, which 
was welded using a certified procedure to guarantee 
leak tightness and freedom from contamination. A 
combined transport flask and sample changer (Fig. 3) 
was used for the simultaneous transfer of up to 
four burnt fuel samples from the Hot Lab for their 
subsequent measurement in PROTEUS. The sample 
changer has a control unit that also acts as a data 
logger during the measurements. 

The transport flask remains in place above the reactor 
throughout the reactivity measurements, and serves 
to move the samples in and out of the reactor during 
the experiments. 

Fig. 3: The Transport Flask/Sample Changer. 

3.2 Burnt Sample Reactivity Measurements 

The reactivity difference between burnt and fresh fuel, 
and its variation with burnup, is deduced from the 
effect on the neutron balance of the PROTEUS 



57 

reactor by introducing 40 cm long test samples, one at 
a time, into the core centre. In neutronically driven 
systems such as PROTEUS, it is useful to quote 
relative reactivity worths, i.e. the differences in 
reactivities between the burnt samples and a 
reference sample, normalised by the difference 
between the same reference and a further well known 
reference. In the current measurements, the two 
references are 3.5w% U02 and natural U02. For small 
reactivities (a few cents), such ratios in an 
appropriately designed driven configuration are the 
same as they would be in the corresponding, 
hypothetical, single-zone system. (The reactivity unit 
of a cent is one hundredth of a dollar, and a dollar is 
equivalent to the delayed neutron fraction, i.e. about 
0.007). 

Two methods of reactivity measurement are used: 
compensation and stable period. Each derives a 
reactivity value by analysing the change in the reactor 
state when a sample is inserted, but each in a 
different way. For the compensation method, the 
reactor control rods are used to keep the reactor 
power constant by compensating for the reactivity 
change caused by the introduction of a sample. In 
particular, an automatic fine control rod is used 
(known as the Autorod). This rod is controlled by a 
servo feedback system, which compensates 
automatically for small reactivity changes. The 
positions of all of the control rods are recorded every 
second by a data logger that is part of the sample 
changer control system. 

Figure 4 shows the movements of the automatic 
control rod during a typical measurement sequence. A 
reference sample (usually 3.5w% U02) is inserted 
first, followed by the first burnt sample to be 
measured, and then the reference sample again, and 
so on; the sequence is usually repeated three times. 
After corrections for slight non-linearities, the 
movements of the control rods are indicative of the 
reactivities of the test samples. The difference in 
reactivity between the burnt sample and the reference 
is found by time-wise interpolation. This method of 
analysis has the advantage of cancelling any long-
term drift in the state of the reactor. To put the 
measured reactivities on an absolute basis, the 
compensation method has to be calibrated using the 
stable period method. 
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In the stable period method, the control rods remain 
fixed whilst a sample is inserted, the resulting change 
in reactivity causing the reactor power to diverge from 
its steady value. After a short time, the divergence has 
a simple exponential form. The time for the reactor 
power to increase, or decrease, by a factor of 'e' is 
known as the reactor period. The higher the worth of 
the inserted reactivity, the shorter is the stable period, 
and the more rapid is the change in power. Using the 
data logger, count-rates are recorded from six neutron 
detectors located at different positions in the reactor. 

Figure 5 shows the change in power recorded during 
a typical set of stable period measurements. By 
analysing the recorded exponential flux evolution, the 
reactivity of a sample in the PROTEUS reactor can be 
determined on an absolute basis. The results of such 
an analysis are shown in Fig. 6. Stable period 
measurements are usually less precise than the 
compensation method, but they are completely 
independent and have the advantage of providing 
absolute values of reactivity. 

Time (seconds) 

Fig. 5: Flux Variation During a Period Measurement. 
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Fig. 4: Autorod Movement During a Compensation 
Measurement. 
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Fig. 6: Reactivity Values Derived from a Period 
Measurement. 

3.3 Comparisons with Calculations 

Figure 7 shows an example of a comparison of 
measured and calculated reactivity worths (reactivity 
effect in PROTEUS of replacing a fresh, reference 
sample at its centre by a burnt fuel sample), 
expressed in each case relative to a well-known 
reactivity difference (between the fresh 3.5% 
reference and a fresh natural U02 sample). The 
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calculations were performed using a simplified whole-
reactor BOXER [3] model for PROTEUS. It is seen 
that discrepancies are of the order of 6% higher for 
MOX than for U02, and in both cases diverging further 
from unity with increasing burnup. 
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Fig. 7: Relative Reactivity Worths of Sample 
Replacement in LWR-PROTEUS D20/H20 
mixture: Calculational Results Using a 
BOXER Whole-Reactor Model, Divided by 
Experimental (E) Values. 

3.4 Special Samples Reactivity Measurements 

Special samples were manufactured by Westinghouse 
Atom in order to provide reference reactivity worths 
and thus added value to the series of measurements 
with burnt samples. Additives corresponding to certain 
important fission products were blended with uranium 
oxide and then sintered to produce pellets. A list of the 
samples is given in Table 2. 

Table 2: Special Samples. 

ID Nuclide Additive Nominal 
Mass of 

additive g 

No. of 
pellets 

Nd-1 Nd-143 Nd203 5.957 45 

Rh-1 Rh-103 Rh203 2 55 

Rh-2 Rh-103 Rh203 5 56 

Gd-1 Gd-155 Gd203 0.048 67 

Gd-2 Gd-155 Gd203 0.0903 65 

Sm-1 Sm-149 Sm203 0.0151 68 

Sm-2 Sm-149 Sm203 0.0248 64 

Sm-3 Sm-149 Sm203 0.0495 67 

B-1 B-10 B4C 0.04 87 

B-2 B-10 B4C 0.26 91 

Cs-1 Cs-133 Cs02 8.7 66 

Cs-2 Cs-133 Cs02 17.5 71 

Cs-3 Cs-133 Cs02 35 66 

FP-
50 

Nd-143 
Rh-103 
Sm-149 
Cs-133 

Nd203 
Rh203 
Sm203 
Cs02 

1.05 
0.7 

0.0035 
1.3 

65 

So far, detailed reactivity measurements of the special 
samples have been made with the water/heavy water 
mixture as moderator. In 2003, this will be extended to 
the other moderation conditions. The measurements 
indicate that, in most cases, there is a linear 
relationship with increasing amount of additive, but 
that the absolute values do indeed need to be 
calibrated. Disappointingly, the caesium and boron 
additives appear to have almost completely 
disappeared during the sintering process. A chemical 
analysis of representative samples will be made in the 
Hot Lab as part of the ongoing analysis of the burnt 
samples. In addition, investigations have been made 
by neutron radiography in the SINQ facility [4] at PSI. 

4 NEUTRON EMISSIONS 

Determination of the intrinsic neutron source of each 
of the burnt samples has been achieved by inserting 
them into PROTEUS, one-by-one, with the reactor in 
a slightly sub-critical state. In this condition, the 
neutrons emitted from the samples into the multiplying 
reactor environment result in a suitably significant 
count rate on the reactor instrumentation neutron 
channels. Figure 8 shows these preliminary 
determinations of neutron source strengths, which 
increase dramatically with burnup. The immediate 
application of such measurements is the accurate 
estimation of neutron sources for the calculation of 
radiation shielding. In fact, the total dose rate at the 
outer surface of spent fuel casks is usually governed 
by the neutron dose rate, and thus a certified cask 
design for <50 GWd/t fuel may very well become 
unusable if burnup is extended. The neutron source is 
mainly related to the spontaneous fission of 244Cm 
(especially for fuel with a relatively long cooling time). 
However, other spontaneous fission and (a,n) sources 
are also present in the composite sample. 
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Fig. 8: Relative Neutron Source Strengths of 
Different LWR-PROTEUS Phase II Samples. 

5 FUTURE DEVELOPMENTS 

In 2003, the scope of LWR-PROTEUS Phase II will be 
expanded in the following directions. Two additional 
KKG samples will be prepared with new, record 
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burnup values (9-cycle U02 with >100 GWd/t, and 4-
cycle MOX with >70 GWd/t). Two KKL samples (45 
and 70 GWd/t) will also be prepared for analysis. A 
new moderation condition, using borated water to give 
an additional neutron spectrum environment, will be 
implemented in the central PWR test region of 
PROTEUS. 

6 CONCLUSIONS 

In the LWR-PROTEUS Phase II programme during 
2002, the reactivity worths of nine PWR burnt fuel rod 
segments were measured, in two different neutron 
spectra. The burnups range from 39 GWd/t to 
85 GWd/t for the U02 samples, and from 22 GWd/t to 
60 GWd/t for the MOX samples. On completion of the 
LWR-PROTEUS Phase II measurements, a unique 
set of experimental data on the physics properties of 
high-burnup fuel will have been obtained on samples 
with record burnups, accurately determined reactivity 
worths and chemical compositions, and accurate 
irradiation histories. This will serve to support future 
burnup increases, on the one hand, and provide the 
necessary justification to reduce the current level of 
conservatism in fuel element and core designs as well 
as in fuel storage and transport planning, on the other 
hand. 
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EXPERIMENTAL INVESTIGATION IN THE PANDA FACILITY OF THE IMPACT OF A 
HYDROGEN RELEASE ON PASSIVE CONTAINMENT COOLING SYSTEMS 

O. Auban, D. Paladino, P. Candreia, M. Huggenberger, H.J. Strassberger 

The large-scale, thermal-hydraulics PANDA facility has been used in the past for investigating passive 
decay-heat removal systems and related containment phenomena for a number of next-generation Light 
Water Reactors. Passive Containment Condenser (PCC) systems operate by transferring heat via steam 
condensation from inside the containment to outside, and serve to mitigate pressure build-up in the event 
of steam discharge from the primary circuit. Five new integral tests have recently been performed in the 
context of the 5th European Framework Program project TEMPEST. One main objective was to assess 
the influence of a light gas (hydrogen) on the performance of the Passive Containment Cooling System 
(PCCS). Hydrogen release in the case of a severe accident is simulated in PANDA by injecting helium 
with steam into the Drywell. In addition, the impact of a new accident-mitigating design feature, the Drywell 
Gas Re-Circulation System (DGRS), on the long-term containment behaviour was tested. Another 
important objective was also to provide relevant data for the validation of modern — mainly Computational 
Fluid Dynamics (CFD) — codes. The paper reports main observations from two of these new integral tests 
in which standard PANDA instrumentation has provided important data concerning system response when 
helium is released in the course of the transient. The results show that some important stratification 
phenomena have occurred, as a result of the buoyant flow generated by the helium injection. The resulting 
temperature and concentration measurements show how helium is being distributed in the Drywell (DW) 
volume during the helium injection phase, and how helium is retained or vented out of these vessels once 
the injection stops. The paper includes some discussion concerning the influence of gas mixing and 
stratification and the effect of the DGRS on PCC performance and system pressure build-up. 

1 INTRODUCTION AND BACKGROUND 

A key feature of next-generation Advanced Light 
Water Reactors (ALWRs) is their utilization of simple 
passive cooling systems [1]. These systems, which 
operate following a (postulated) breach of the primary 
circuit, remove decay heat from the core, and mitigate 
the effects of pressure build-up in the containment. 
The Passive Containment Cooling System (PCCS) 
designed for the European Simplified Boiling Water 
Reactor (ESBWR) is one such system, transferring 
heat from inside the containment to external water 
pools. 

Component tests and integral system tests in scaled 
facilities are required for improving the design of these 
safety systems, and for their certification. 
Experimental programmes are also needed to gain 
better understanding of the significant physical 
phenomena which occur (natural circulation, fluid 
mixing, stratification, etc.) on the basis of which these 
passive systems function. The experimental results 
will also provide data for the validation of codes or 
models that could be used with reasonable confidence 
to analyze real nuclear installations, ranging from 
normal operating conditions up to (postulated) severe-
accident scenarios. 

The purpose of the PCCS is to remove from the 
containment the energy released in the reactor core 
under accidents conditions in order to guarantee 
containment integrity. Passive Containment 
Condensers (PCCs) condense the steam out of the 
gas mixture fed to them from the containment 
atmosphere, and the condensate is drained back to 
the Reactor Pressure Vessel (RPV), thereby 
preserving the water inventory. Insufficient energy 
removal leads to Drywell (DW) pressure increase and 

eventually non-condensibles are vented (the ends of 
the PCC vent lines are submerged in the suppression 
pool) to the Suppression Chamber (SC). Peak system 
pressures and temperatures are key parameters 
characterizing containment integrity during the long-
term decay heat removal phase: the overall system 
pressure is principally governed by the performance of 
the PCCs, and by the amount of non-condensible 
gases initially filling the containment compartments, or 
released later in the course of the transient. 

From the case in which hydrogen is released from the 
reactor core during the accident scenario, previous 
studies have demonstrated that its contribution to 
system pressure build-up is significant, due to 
degradation of PCC performance [2]. If the hydrogen 
is quickly mixed with steam, conveyed to the PCC, 
and finally vented to the SC, a significant increase in 
pressure is observed right after hydrogen release has 
started. Eventually, like in any Boiling Water Reactor 
containment, if part of the hydrogen remains 
somewhere in the DW, e.g. as a result of stable gas 
stratification, it does not contribute to the overall 
system pressure increase. 

Within the context of the EU 5th Framework Project 
TEMPEST, the performance of the PCCS in the 
presence of non-condensible gases (i.e. air or 
hydrogen) has been investigated experimentally in the 
large-scale test facility PANDA [3]. In these tests, 
hydrogen is simulated by helium. In addition, the 
effect of a new accident-mitigating design feature — 
the Drywell Gas Re-circulation System (DGRS) — on 
long-term containment behaviour was also assessed. 
The system is based on a vent fan that allows the 
non-condensible gases coming from the PCCs to be 
fed back to the DW, (instead of discharging them to 
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the Wetwell (WW) gas space [4]), in order to mitigate 
the build-up of system pressure. 

indicated in Fig. 2. In these new tests, it was possible 
to measure temperatures with an accuracy of ±1°C. 

The main objectives of these tests were: 

to assess PCCS performance in the presence of 
hydrogen; 
to assess the combined PCCS and DGRS 
performance in the presence of hydrogen; 
to investigate the ability of the DGRS to retain 
some significant amount of non-condensible gas 
in the DW, and thereby to reduce long-term 
containment pressure build-up; and 
to provide a database to assess the capability of 
advanced containment and CFD codes to predict 
containment behaviour under such accident 
conditions. 

In the following, the PANDA test facility and the 
different test scenarios will first be outlined, but then 
the paper will focus on the two tests (among the five 
carried out in the frame of the TEMPEST programme) 
for which a large amount of non-condensible gas was 
released in the course of the transient. Observations 
concerning gas mixing and stratification, particularly in 
the DW volume, will be reported. A later section will 
deal with PCC performance in more detail, and finally 
the influence of DGRS activation on system response 
will be discussed by comparing results from the 
different tests. 

2 PANDA FACILITY AND TEST SCENARIOS 

2.1 PANDA Test Facility 

PANDA is a large-scale, thermal-hydraulic test facility 
consisting of large inter-connected vessels and open 
water pools (Fig. 1), and is used for investigating 
containment system behaviour and phenomena for 
different ALWR designs [5, 6]. Heights are scaled 
approximately 1:1, and decay power and volumes 
1:40, with respect to the ESBWR. Detailed information 
concerning the PANDA arrangement, and its scaling 
with respect to an ESBWR containment, have already 
been published [7, 8]. 

The installation of the DGRS was the main system 
modification to the PANDA facility for this new test 
series (compared with earlier the ESBWR 
configuration); full details have been given in a 
previous paper [4]. In short, the DGRS consists of a 
vent fan and system of pipelines that interconnects 
the three PCC vent lines with the Interconnecting Pipe 
(IP) between the Drywells. 

PANDA instrumentation consists of numerous sensors 
for the measurement of fluid and wall temperatures, 
total and air partial pressures, flowrates, phase 
indications, valve states and heater power [9, 10]. To 
enable a detailed analysis of the phenomena 
occurring in the DW vessels to be carried out, twelve 
temperature measurements levels have been defined. 
The actual locations of the fluid temperature sensors 
(thermocouples) installed in the two Drywells are 

The main upgrade to the PANDA instrumentation 
performed for the TEMPEST project has been the 
addition of a Mass Spectrometer (MS) that permitted 
air, helium and steam concentrations to be measured 
[11]. Gas was continuously sampled (through capillary 
tubes) at different locations in the facility, enabling gas 
molar fractions to be monitored continuously. At each 
location, one new measurement (consisting of three 
molar fraction values for the three gas species: air, 
steam and helium) is taken every 540s, with an 
accuracy of ±5% (corresponding to ±0.05 absolute 
error in the molar fraction). In each DW vessel, 
concentration measurements are performed at nine 
different locations, at three levels (at Levels 2, 6, 10 
and radial locations A, B, C in Fig. 2). Concentrations 
were also measured at three elevations in the centre 
of the DW Interconnecting Pipe (IP). It should be 
noted that all the gas sampling locations for 
concentration measurement are situated quite close 
(typically a few millimetres) to the corresponding 
thermocouple locations. 
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Fig. 1: Schematic of the PANDA facility configuration 
used for the TEMPEST test series (No DGRS 
activation means that valves V0, V1s V2 and V3 
are all closed). 
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ii) Helium was supplied (12.9 g.s") to the two Main 
Steam Lines from approximately 10000s after test 
initiation for a period of two hours; 
iii) All three Passive Containment Condensers (PCCs) 
were connected to the DW vessels, and the PCC 
pools (Fig. 1) were initially filled with water at 
saturation temperature; 
iv) In Test T2.1, the DGRS was activated exactly at 
the time helium injection begins, and continued at a 
well-controlled, constant flow rate of 30 l.s"1 until the 
end of the 12 hour transient. 
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Fig. 2: Gas temperature measurement locations in 
the Drywells. 
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Fig. 3: DW and WW pressures for Tests T1.1 ,T2.1 and 
T2.2. 

2.2 Test Scenarios 

The tests presented in this report simulate the long-
term cooling phase following a postulated Loss Of 
Coolant Accident (LOCA) caused by a Main Steam 
Line Break (MSLB) in the ESBWR. The main 
objectives were to demonstrate the performance of 
the PCCS, and the ability of the DGRS to retain non-
condensable gas in the DW, thereby reducing long-
term containment pressure build up. The tests start 
with conditions predicted for the ESBWR in the RPV 
and the containment one hour after MSLB scram. 

The following two tests for investigating the effect of 
hydrogen (simulated by helium in PANDA) on PCC 
performance and long-term containment response will 
be discussed and compared: 

Test T1.1: Helium release but no DGRS activation; 

TestT2.1: Helium release with DGRS activation; 

In addition, a third test will be outlined, serving as a 
reference test: 

Test T2.2: No Helium release, and DGRS activation 
late in the transient. 

In this test series, PANDA was configured as follows: 
i) One half of the break flow from the RPV was 
directed to DW1, which feeds one PCC (PCC1), and 
the other half was directed to DW2, feeding two 
condensers (PCC2 and PCC3). This was achieved 
with two separate blowdown lines (Main Steam Lines 
with essentially equal flow resistances) from the RPV 
to each of the two DW vessels; 
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Fig. 4: DW2 temperatures measured along a vertical 
axis (radial location A). 
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The nominal initial conditions and decay-heat curves 
are similar for all these tests, and correspond to those 
predicted for the ESBWR one hour after the scram 
triggered by the LOCA. The total initial DW pressure is 
approximately 2.5 bar, which includes some residual 
air (0.05 bar air partial pressure). It should also be 
noted that the DW to SC pressure difference is 
allowed to vary over a small range only: on the lower 
side, the pressure difference is limited by the VB 
opening settings, while the higher value is essentially 
determined by the PCC feed-line pressure drops and 
the PCC vent line submergence depth. 
The initial conditions, the decay-heat power curve 
during the test, and the overall PANDA configuration 
are similar in all these tests, which makes a direct 
comparison between the measurements meaningful 
and straightforward; detailed information on the test 
matrix and initial conditions has already been 
published [4]. 

3 OVERVIEW OF THE TESTS 

Three main phases are identified to characterize the 
course of events during the tests. 

First Phase: before helium injection 

At the beginning of this phase, a steam/air mixture is 
vented from the DW to the WW during the first 20 
minutes, because the PCCs were not able to 
condense all the steam supplied to them Later, i.e. 
within the first hour of the test, all the residual air in 
the DW was vented to the condensers and the WW 
gas space through the PCC vent lines. This venting 
process explains the increase of WW pressure at the 
very beginning of the test (Fig. 3). Since the WW 
pressure governs the entire system pressure, the 
pressures in the DW and RPV increase at the same 
time. As soon as this venting process is completed, 
however, the WW pressure remains nearly constant 
until the beginning of the helium injection phase — the 
RPV and DW pressures then start decreasing slowly. 
The variations in the three PCC pool levels shows that 
all three PCC units have equally shared the heat load 
generated in the RPV. Of course, during this phase, 
the three tests (T1.1, T2.1 and T2.2) exhibit very 
similar system behaviour. 

Second Phase: during helium injection 

As soon as helium is injected, the PCC and system 
behaviour changes significantly, the helium being 
responsible for a continuous increase in RPV and DW 
pressures. A similar increase in WW pressure is also 
observed, because of the almost continuous venting 
from DW to WW through the PCC vent lines. Figures 
4a and 4b show increases in DW temperature in 
accord with the increases in saturation temperatures. 
During this phase, PCC performance is degraded: 
condensate flow returning to the RPV is clearly and 
suddenly reduced (from approximately 400 g.s"1 to 
150 g.s") immediately after helium injection begins. 
PCC performance can also be monitored by 
examining the decrease in the pool water inventories 

(Fig. 7). The differences in the recorded DW 
temperatures for the two tests are an important issue, 
and will be discussed in detail in the following 
sections. 

Third Phase: following helium injection 

As can be seen in Fig. 3, the system pressure 
continues to increase for some time (approximately 
3000s) after the end of helium injection. In Test T2.1, 
the effect of the DGRS is to mitigate pressure build-
up, the highest measured pressure in the DW is 
approximately 5.7 bar, compared with 6.0 bar for Test 
T1.1. Around t=20000s, stabilization of the system 
pressure occurs in both tests. In Test T1.1, the 
transition between the pressure-increasing phase and 
the moment at which pressure starts (slowly) 
decreasing appears to be much more abrupt than for 
Test T 1.2, for which the DGRS was active. In Test 
T2.1, the pressure keeps increasing, but at a slower 
rate, until t=23500s, and then a continuous decrease 
in pressure ensues until Vacuum Breaker opening 
occurs around t=30000s. 
Around t=20000s, PCC performance is quickly and 
significantly improving in both tests (as noted by the 
fact that the condensate flow rate has recovered to a 
level comparable with that measured before helium 
injection), and a new kind of "equilibrium" has now 
been established. Nevertheless, this event does not 
correspond to the same conditions in the two tests. 
The observations detailed in the following section will 
actually demonstrate that in Test T1.1 all the helium 
had been vented out of the DW, but in Test T2.1 a 
significant amount of helium had been permanently 
retained in the DW. 

4 OBSERVATIONS CONCERNING MIXING 
AND STRATIFICATION 

The containment pressure is principally governed by 
the performance of the PCCs, and by the amount (and 
transient distribution) of the non-condensible gases 
which initially filled the containment compartments 
(air), or were released later in the transient from the 
reactor core. 
Containment temperatures are ultimately determined 
by the gas distribution. These new tests, for which 
additional instrumentation has been installed in the 
PANDA facility, provide more refined information 
concerning gas mixing and stratification phenomena 
than was possible previously. For example, in Test 
T1.1, the helium mixes immediately with the steam in 
the DW from the start of the injection. 
All the concentration measurements in the DW 
indicate that no vertical stratification has occurred 
during the injection phase: a 17% helium-rich mixture 
is seen from 12000s after the beginning of the 
injection until the end of the phase (Fig. 5a). The 
corresponding vertical temperature profiles at 11000s, 
14000s and 17000s (Fig. 6a) also show that there is a 
very uniform temperature distribution in the DW. It 
should also be noted that no significant radial 
distribution of concentration or temperature was 
observed in this case. 
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As soon as helium injection stops, the measurements 
indicate the presence of a vertical stratification (Fig. 
5a, from t=17500s to t=19500s). Helium is then being 
vented out of the DW through the PCC feed lines. No 
helium can be found at Level 10 from t=23000s 
onwards. Figure 6a shows clearly the evolution of this 
front: moving upwards till the moment all the helium 
has left the DW volume (t=20500s). Of course, the 
time needed to reach a uniform spatial distribution 
was shorter in DW2 than in DW1, since only one PCC 
(PCC1) was connected to DW1 instead of two (PCC2 
and PCC3) for DW2. 

In Test T2.1, from the beginning of the helium 
injection phase, the gas distribution in the DW 
appeared to be quite different. Vertical stratification 
occurred around 2500s after the start of the injection. 
In this test, the DGRS was active, circulating gas from 
the PCC vent lines to the IP. This gas is lighter (and 
colder) than the ambient medium: it flows to both DW 
vessels, and feeds the DW volumes above the level of 
the IP. The gas concentration measurements below 
the IP level in both DW vessels (Level 10) are 
qualitatively and quantitatively similar to those 
obtained in Test T1.1 (with no DGRS activation). 
However, above the level of the IP, the helium 
concentration continues to increase, and at the top 
measurement location (Level 2) reaches 33% in DW1 
and 26% in DW2 (Fig. 5b). The corresponding vertical 
temperature profiles show that the resulting 
stratification is stronger in DW2 (above the level of the 
IP) than in DW1 (Figs. 6b and 6c). Up to now, no 
specific reason has been found to explain this non-
symmetric gas distribution in the DW volumes. 
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Fig. 5a: Helium concentrations in DW2 for Test T1.1. 
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5b: Helium concentrations in DW1 and DW2 for 
Test T2.1. 

Fig. 6a: Vertical temperature profiles in DW2 for Test 
T1.1. 

Temperature (C) 

Fig. 6b: Vertical temperature profiles in DW1 for Test 
2.1. 

Temperature (C) 

Fig. 6c: Vertical temperature profiles in DW2 for Test 
T2.1. 

There is insufficient information concerning the flow 
patterns in the DW vessels and IP, and no 
conclusions can be drawn from the fact that DW1 is 
connected to one PCC and DW2 to two PCCs. On the 
one hand, a symmetric discharge to the two DW 
volumes would generate a flow from DW1 to DW2. A 
consequence of this could be that more recirculated 
gas would enter DW2 than DW1. On the other hand, if 
we assume the DGRS flow in the IP to be distributed 
equally between DW1 and DW2, a greater dilution in 
DW2 would explain the lower helium content 
measured there. In fact, a difference in the two main 
flows (more flow to DW1) was observed, and perhaps 
is itself responsible for the measured distribution. 
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5 PCC PERFORMANCE 

5.1 Variations in PCC Performance 

All observations made during the tests indicated that 
PCC performance changed considerably. Before 
helium was injected, total PCC performance was 
following exactly the heat-decay curve. But initiation of 
helium injection led to a significant degradation in 
PCC performance, and then, some time after the end 
of injection, PCC efficiency improved again. 

The decrease in PCC pool water levels is directly 
related to the amount of energy removed from the 
containment by the PCCs. Figure 7 shows the PCC3 
pool collapsed levels measured in Tests T1.1 and 
T2.1; the measurements in the two other pools were 
always very similar. During the early part of the tests, 
the PCC levels decreased in the same way. However, 
as soon as the (non-condensible) helium is added, 
PCC performance is significantly degraded, and a 
change in the rate of decrease of the level is recorded 
(Fig. 7). During this phase, pool levels decreased 
faster for Test T2.1, because of DGRS activation. 
Around t=20000s in both tests, a better efficiency is 
established, and the pool levels decrease faster. 
Nevertheless, this time corresponds to very different 
conditions in the two tests: in Test T1.1, all the helium 
has been vented out of the DW, while in Test T2.1 a 
new kind of "equilibrium" had been reached in which a 
roughly constant amount of helium was retained in the 
upper part of the DW for a long time. 

Variations in PCC performance can also be related to 
the condensate flow returning to the RPV. Early in the 
tests, it was observed that the amount of condensate 
decreased proportionally to the decay-heat curve. 
When helium injection was initiated however, the 
condensate flow rate dropped, due to the sudden 
decrease in PCC performance. In both tests, at 
around t=20000s, this flow rate increased significantly 
and then decreased more slowly (as the decay-heat 
decreased) till the end of the test. 

5.2 Operation Modes 

The observations presented in this section are based 
on gas temperature measurements taken in the PCC3 
condenser during Test T1.1; a schematic of the 
condenser showing the locations of the 
thermocouples is given in Fig. 8. Some temperature 
traces are given in Fig. 9: these are representative of 
what was observed in the two tests with helium. 

5.2.1 Before Helium Injection 

The steam/non-consensible mixture supplied to the 
PCC upper header passes downwards through the 
vertical condenser tubes. While steam is condensing, 
the density of the mixture increases (air fraction 
becomes higher), and the temperature decreases. 
The temperature measurements indicate two separate 
zones: in the upper region of the tubes, steam is 
condensing out of a mixture with a rather low air 
content, whereas in the lower region air, in a mixture 
with a relatively low steam content, is accumulating. In 
the upper tube region, the gas temperature remains 

close to the DW temperature, whereas in the lower 
tube region the gas temperature approaches that of 
the pool (water saturation temperature at 
approximately one bar). The gas mixture in the lower 
region blankets the condenser surface. From the 
measurements in the tubes, the boundary between 
the two zones appears to lie somewhere between 
Sensor 7 (MTG.P3.7) and Sensor 8 (MTG.P3.8); see 
Fig. 8. 

These measurements are in agreement with those 
already described in previous PANDA tests [2]. There, 
it was demonstrated that the PCCs adjust their 
performance to the decreasing power level by 
progressively accumulating air in the lower part of the 
tubes, thereby reducing the effective condensing 
length. Obviously, in the present tests, there was 
insufficient air available for blanketing the heat 
transfer surfaces, and the DW pressure began to 
decrease (see Fig. 3). 

5.2.2 After Initiation of Helium Injection 

Long term, the PCC operation mode changes 
significantly. In the presence of helium, mechanisms 
occurring in the tubes are more complex. From a 
general point of view, one should realize that 
buoyancy forces arising from steam condensation out 
of a steam/helium mixture strongly influence the flow 
patterns. 

The clear separation between the two zones 
described above almost immediately disappears, and 
a different vertical temperature gradient is established 
along the tube length. In both Tests T1.1 and T2.1, 
two different modes of operation could be identified. 

The first refers to the situation in which a vertical 
temperature gradient (with a higher temperature 
at the top, and a lower temperature at the 
bottom) is observed. This gradient indicates that 
the steam/helium mixture is flowing downwards in 
the tube, and is becoming more and more helium 
rich as condensation proceeds. This first mode 
was, for example, observed in PCC3 in Test T1.1 
from the beginning of helium injection till 
approximately t=23500s (Fig. 9). 

The second mode refers to the situation in which 
the temperature levels in the upper (sensor 
MTG.P3.1) and lower (sensor MTG.P3.2) drums 
are maintained (in comparison with the first 
mode), while a reverse temperature gradient (the 
gas mixture being hotter at the bottom) is 
established. The gas in the tube was then colder 
than in the lower drum, which would indicate the 
flow was recirculating upwards, and again 
becoming colder due to steam condensation. In 
Test T1.1, this mode is established quite 
suddenly in the PCC3 tubes from about t=23500s 
onwards (Fig. 9). 

One should anyway realize that only one tube in each 
PCC was well-instrumented for gas temperature 
measurements, and that not all of the phenomena 
occurring in the 20 tubes could be monitored. In both 
tests, sudden changes in PCC operation mode were 
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observed at very different times during the course of 
the tests. It seems that some adjustment of PCC 
performance occurred. Nevertheless, this process is 
quite different from what happens when only air and 
steam were present in the tubes — different tubes 
now sharing the load unequally. 

The available temperature measurements in the tubes 
have shown qualitatively similar results in both tests, 
the same operation modes being observed. In Test 
T1.1, after all the helium is vented out of the DW, one 
could say the helium supply to the PCCs had ended. 
Nevertheless, it is obvious that, in order to achieve the 
kind of self-adjustment of the PCC heat removal 
efficiency observed, some helium had to have 
remained in the tubes. 

6 EFFECT OF THE DGRS ON THE SYSTEM 
RESPONSE 

The DGRS is able to retain non-condensible gases in 
the DW. In Test T2.2 (DGRS active, no helium 
injection), this has been observed to be approximately 
2.4% and 3.8% respectively for DW1 and DW2, as 
measured by the air content after DGRS activation 
[12]. The gas distribution obtained in Test T2.1 has 
been detailed in the previous sections. As expected, 
the activation of the DGRS led to mitigation of system 
pressure build-up due to the addition of non-
condensibles in the course of the transient. A 0.3 bar 
difference in peak and final DW pressures could be 
observed between Tests T1.1 and T1.2 (Fig. 3), 
though the course of the transients was very similar in 
both cases (i.e. with and without the DGRS). The re-
establishment of a better PCC efficiency leads to 
pressure stabilization. It seems that the system had 
reached a new "equilibrium", though related to very 
different conditions in the DW in the two tests. 
Nevertheless, PCC operation modes appear to be 
very similar for the two tests in which helium is 
retained in the tubes. 

5000 10000 15000 20000 25000 30000 35000 40000 45000 
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Fig. 7: PCC3 pool collapsed levels for Tests T1.1 
and T1.2. 

the light gas would have been injected at the bottom 
of the DW (and not in the IP, as in the current PANDA 
configuration), more volume would be available to 
store non-condensibles in the DW, leading to an 
overall lower system pressure. With respect to an 
ESBWR containment, the design of such a DGRS 
system should, of course, be optimized accordingly. 

Fig. 8: Thermocouple locations for 
temperature measurements in 
PCC3. 

the gas 
condenser 
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Fig. 9: PCC3 gas temperatures for Test T1.1. 

The end of Test T2.1 corresponds to the end of the 
DGRS activation period. During the test extension, 
pressure quickly increased, reaching a level 
comparable with that seen in Test T1.1 with no DGRS 
activation at all. At the same time, Fig. 5b shows that 
the helium retained in the DW is vented, as was 
observed at the end of the helium injection phase in 
Test T1.1. A consequence of an accidental 
interruption of this (non-passive) DGRS system could 
be an interesting feature of future PANDA tests. 

A 30 l.s"1 flow rate was imposed for these tests. More 
tests would be needed to assess the importance of 
this flowrate as a parameter influencing the amount of 
gas retained in the DW and the system pressure. 

It appears that the amount of non-condensibles 
retained in the DW, and thus the system response to 
a release of light gas, is dependant of the 
configuration adopted for the DGRS pipe lines; i.e. 
how gas is reintroduced into the DW. For example, if 

7 SUMMARY 

Two integral system tests have been performed in 
PANDA in which the long-term PCCS cooling phase 
following a LOCA caused by a MSLB has been 
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assessed considering the presence of a large amount 
of light gas (helium). The tests have provided relevant 
data with respect to PCCS performance and overall 
system behaviour. 

The two tests have shown similarities with respect to 
system response. In both tests, some time after the 
end of helium injection, the system appears to have 
established a new "equilibrium". When the DGRS is 
activated, some helium is permanently retained in the 
upper part of the DW, and does not contribute to the 
overall system pressure. This is of considerable 
interest. As the phenomena leading to this situation 
need to be better understood, post-test analyses 
using CFD-like codes (as foreseen as part of the 
TEMPEST project) are recommended. 
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CFD SIMULATION OF STEADY-STATE CONDITIONS IN A 1/5™-SCALE MODEL OF 
A TYPICAL 3-LOOP PWR IN THE CONTEXT OF BORON DILUTION EVENTS 

T.V. Dury 

As part of the STARS Project at PSI, the Computational Fluid Dynamics (CFD) code CFX-4.3 was used to 
examine boron mixing within the pressure vessel of a 1/5-scale model of a typical 3-loop PWR. The object 
of the first phase of the study, which is reported here, was to examine steady-state conditions with 
constant flows in all three cold legs. Boron concentration was simulated by a temperature difference of 
10°C between one of the inlets and the other two. Particular care had to be exercised in implementing the 
additional resistance factors into the code for various zones simulated as porous regions, such as 
perforated tube plates and volumes containing support columns. Results showed that circumferential 
swirling occurred from the level of the inlet as far as the core inlet plate, and that the swirl appears to 
slightly enhance the mixing of the hotter and colder fluid streams. In general, there is a significant degree 
of separation between the individual flows from each cold leg, even at the inlet to the core, and even at the 
highest inlet flow simulated. Mixing of the cold and hot streams does not change significantly as overall 
flowrate increases. At the lowest flowrate, the flow area at the core inlet over which the temperature was 
still at the level of that of the hotter of the cold-leg inlets is 2.4%, dropping to 1.0% at 8 times this flowrate. 

1 INTRODUCTION 

There exists a potential risk of a reactivity accident 
occurring in a Pressurised Water Reactor (PWR) if a 
slug of water with a low concentration of boron (which 
is introduced into the coolant as a reactivity inhibitor) 
passes into the vessel and core under certain 
conditions of Reactor Cooling Pump start-up. This 
could happen if the reactor is at decay-heat level and 
natural circulation has been stopped. Depending on 
the degree of dilution due to mixing during its 
passage, the slug could cause a local increase in core 
reactivity, leading to a power excursion and possible 
core melt-down. 

In experiments, borated water can be simulated by 
injecting water through one cold leg at a higher 
temperature than the water supplied through the other 
cold legs (as water containing boron has a lower 
density than pure water at the same temperature). 
This technique has been used, for example, in the 
Bora-Bora facility, tested by Electricite de France in 
the early 1990s [1-2]. 

As a contribution to the STARS Project, the CFD code 
CFX-4.3 [3] has been used to examine a 1/5-scale 
model of the pressure vessel and internal components 
of a typical 3-loop PWR. The first phase of the study 
was to simulate steady-state conditions (with constant 
flows in all cold legs) at three different levels of flow 
(to examine Reynolds Number effects), and to 
examine the degree of mixing by the time the inlet 
fluid streams have reached the core inlet plane. 

2 CONDITIONS SIMULATED 

Three different cases were simulated, with water 
flowrates applied to the cold leg corresponding to inlet 
pipe velocities of 1.63 m/s, 3.27 m/s or 13.07 m/s. 
System reference temperature and the temperatures 
at the inlets to Legs 1 and 3 were (arbitrarily) set to 
20°C, and that at the inlet to Cold Leg 2 set to 30°C. 

Constant material properties were used, with the 
Boussinesq approximation used to represent 
buoyancy effects. 

3 MODEL 

3.1 Structure and Mesh 

Figure 1 is a horizontal cross-section through the 
vessel, showing the general vessel layout and the 
(arbitrary rectangular) CFD model block structure in 
the central region. Each inlet pipe was modelled to a 
distance of 100 hydraulic diameters upstream of the 
bend before the nozzle. The cold leg pipe walls and 
the outer vessel wall were not simulated. 

Core barrel 

Cold leg 1 

Fig. 1: Plan view of the vessel. 

Figure 2 shows the circumferential positions of the 
thermal shields and exposure baskets in the 
downcomer; the final model mesh is shown in Fig. 3. 
From parameter-studies, the subdivision at the cold 
leg nozzle penetrations was optimised to be 6 cells 
wide by 4 cells high. 
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Thermal shield Centring blocks at 90° spacing 

Exposure basket 

Cold legs at 
120° spacing 

Thermal shield 

Block subdivision 

Fig. 

Exposure basket 

2: Sectional view of CFD model showing thermal 
shields and exposure baskets. 

3.2 Porous Patches 

All regions containing attachment plates or rods were 
modelled as 3D porous regions. Because of 
restrictions in the CFX-4.3 model (see [4]), the 
porosity was set to unity and an individual resistance 
coefficient applied for each region, additionally 
factored to incorporate the resistance which would 
have been induced by the higher fluid velocity had the 
porosity been correctly applied. Empirical resistance 
coefficients were applied, estimated either from the 
data of Idel'chik [5] or from Incropera and DeWitt [6]. 
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• SSSggŜfSSSSSS;: f-llPlMs^ssssss^ 
>4 " 

Core barrier 

Attachment plates 

Fig. 3: Sectional view of the CFX-4.3 mesh layout. 

3.3 Physical Models and Numerics 

A Dirichlet boundary condition was applied at the inlet 
to each cold leg pipe, and a turbulence intensity and 
dissipation length-scale specified; a pressure 
boundary condition was defined at the outlet plane. 
The SIMPLEC velocity-pressure coupling algorithm 
was used for outer solver iterations, with the Algebraic 
Multi-Grid model used for inner iterations. Hybrid 
differencing was used to model the convective terms 
of all transport equations, and central differencing 
used for the pressure; the Rhie-Chow interpolation 

procedure prevented chequerboard oscillations of 
pressure. Details of the models are given in [3]. 

For each different flowrate examined, the mesh was 
adjusted so that the thickness of fluid cells adjacent to 
walls satisfied the requirements of the wall function 
treatment used for the standard high Reynolds 
Number k-e turbulence model (30< y+ < 100), which 
was applied for all calculations. Solution convergence 
was assumed once the total mass residual dropped 
by a factor of 107 from its starting value. 

4 RESULTS 

4.1 Low Flowrate Case 

4.1.1 Velocities 

Local mean Reynolds Numbers in the vessel, based 
on the overall average component of velocity in the 
horizontal and vertical planes, are given in Table 1; 
the Reynolds Number in each cold leg is calculated 
along the pipe axis, upstream of the bend. 

Region Transverse Vertical 

Inlet pipe 2 . 2 8 x 1 0 5 
— 

Downcomer (below thermal shields) — 6.36 x 1 0 s 

Below lower attachment plate 1.03 x 1 0 4 1.10 x 104 

Between attachment plates 4.48 x 1 0 4 8.58 x 1 0 s 

Below Core Support Plate 8.25 x 1 0 s 1.42 x 1 0 s 

Within Core Support Plate — 2.24 x 1 0 4 

Core Support Plate Core Inlet Plate 102 1.65 x 1 0 4 

Within Core Inlet Plate — 1.09 x 1 0 4 

Table 1: Local Reynolds Numbers (1.6 m/s case). 

Circumferential flow on a horizontal cross-section at 
the level of the centre of the cold legs can be seen in 
Fig. 4. 

1.93 m/s 

Higher velocity here 

than here 

Fig. 4: Velocity vectors in the horizontal plane 
through the cold legs (low flowrate case). 
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The influence of each bend is clearly visible in the 
small asymmetry of the flow field as it enters the 
downcomer. This asymmetry results in a small 
anticlockwise component of velocity (as seen in this 
view from above the vessel). In this plane, the hot-leg 
sleeves inhibit the circulation, though it continues to 
be present lower down in the vessel. However, the 
two hot-leg sleeves adjacent to each cold leg inlet 
nozzle are positioned asymmetrically relative to the 
nozzle (e.g. L1>L2 for Cold Leg 2), which encourages 
asymmetry in the circumferential flow field within the 
annulus. Azimuthal expansion is restricted by the solid 
hot leg sleeve blockages, which prevent flows from 
the different cold legs interacting with each other. 

Velocity vectors in the vertical plane through the 
centre of the inlet penetration of Cold Leg 2 and the 
centre of the reactor vessel are shown in Fig. 5. The 
incoming fluid expands as it enters the downcomer, 
with some slight penetration into the region above the 
inlet pipe. 

At the bottom of the downcomer, the downward 
momentum of the fluid is sufficiently high to limit 
expansion into the central region of the vessel above 
the upper attachment plate. However, the resistance 
of the lower plate is high enough to cause the fluid to 
expand into the centre of the vessel between the 
plates, with very little fluid penetrating below the lower 
plate. 

Bottom of 
downcomer 

Upper attachment plate 

Lower attachment plate' 

0.4 m/s 

Fig. 5: Vectors of total velocity in the vertical plane 
through Cold Leg 2 (low flowrate case). 

It should be noted that the (locally) higher velocities 
which ought to occur within zones where the porosity 
is less than unity are not present, because the 
porosity is always set to unity in the model, and 
compensated for by increasing the applied resistance 
coefficients (to avoid the code restriction mentioned in 
Sec. 3.2.). 

The vertical flow pattern can be seen more clearly 
from the shaded contour plots of the vertical velocity 
component of flow (Fig. 6, in which the positive 

direction of flow is upwards). The maximum velocity in 
the downcomer is about 1.0 m/s away from the 
restriction caused by the thermal shields and 
exposure baskets. 

Flow leaving the downcomer turns around and passes 
up through the centre of the vessel, with a strongly 
non-uniform distribution present across the vessel as 
fluid enters the core support plate. This non-uniformity 
disappears by the time the fluid reaches the core inlet 
plate. Thus, the effectiveness of the design would 
appear to have been confirmed, in that the velocity 
profile has become essentially flat by the time the 
coolant has reached the entrance to the core. 
However, although the flow distribution has become 
uniform, this is not true of the temperature distribution. 

+0.5 m/s 

-0.5 m/s 

+0.59 m/s +0.5 m/s 

Fig. 6: Vertical velocity component in the vertical 
plane through Cold Leg 2 (low flowrate case). 

4.1.2 Temperatures 

Temperatures on the horizontal cross-section through 
the centre of the cold-leg pipes are shown in Fig. 7. 

Fig. 7: Temperatures on the horizontal section 
through the inlet plate (low flowrate case). 
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The hot-leg sleeves prevent fluid from the different 
cold legs from interacting in this plane. A horizontal 
plot of temperature contours at the mid-point of the 
thermal shields (Fig. 8) shows that the hotter fluid is 
quite well confined within a 120° segment of the 
downcomer and has not yet mixed, in spite of the 
partial blockage of the annulus and the disturbance to 
the flow caused by the thermal shields. Each 
exposure basket, due to its large surface area relative 
to its volume, has a temperature close to that of the 
adjacent fluid, while the thermal shields have strong 
thermal gradients through their thicknesses. 

30°C 

20°C 

Fig. 8: Temperatures on the section through the 
centre of the thermal shields (low flowrate 
case). 

Comparing temperatures at the level of the core inlet 
plate (Fig. 9) with those in Fig. 8 shows that there is a 
small anticlockwise azimuthal swirl in the flow (as 
viewed from the top of the vessel). The peak 
temperature in the hotter fluid has moved 23° 
circumferentially by the time it has reached the core 
inlet plate. 

30°C 

20°C 

Fig. 9: Temperatures through the core inlet plate (low 
flowrate case). 

There are three possible reasons why this should 
occur: the first is as a consequence of the bend in the 
cold legs; the second, the asymmetrical distance 
between the hot-leg sleeves and the stagnation points 
at the inlet nozzles; and the third is a consequence of 
the asymmetrical gaps which exist between the 

thermal shields below the hotter inlet, which tend to 
deflect fluid in the same anticlockwise direction. 

Parameter studies with this model could identify the 
relative magnitudes of each of these causes, but are 
not warranted, since the effect of swirl at this level on 
the mixing of the hot and cold fluid streams does not 
appear to be significant. In addition, in spite of the 
length of inlet ducting modelled for each cold leg, the 
assumption of a uniform flow field boundary condition 
at the duct inlets is unlikely to be strictly correct, and 
non-uniformity of the inlet flow distribution could still 
have a small effect on the flow distribution at the entry 
to the downcomer. 

Between the attachment plates (Fig. 10), the effect of 
swirl is apparent from the shape of the interface 
between the hotter and colder fluid zones. The 
anticlockwise movement has strongly distorted the 
interface, although it still remains relatively smooth. 
This is possibly due to the influence of the higher 
velocity of the core of the jet at this level dominating 
the injection pattern. 

At the level midway between the upper attachment 
plate and the core support plate (Fig. 11), the hotter 
stream of fluid has spread strongly towards the centre 
of the vessel, though the hot-cold interface is 
smoother than between the attachment plates at a 
lower level. However, the azimuthal position of the hot 
region shows a clockwise rotation relative to that 
between the attachment plates, though its position 
has been corrected again by the time the fluid reaches 
the level of the core inlet plate (Fig. 9). This shows 
that there are strong 3D effects in the fluid motion in 
the region between the downcomer and the core 
support plate, though not strong enough to 
significantly influence mixing. 

Ultimately, it is important to know how well the fluid 
from the hotter inlet leg (the 'boron-diluted' leg) mixes 
with the colder fluid from the 'boron-rich' legs by the 
time it reaches the core inlet plate. From Fig. 9, it can 
be seen that mixing has taken place, as evidenced by 
the fact that the fluid temperature is above that of the 
cold inlets over more than half of the cross-section of 
the core inlet plate. 

30°C 

20°C 

Fig. 10: Temperatures midway between the attach-
ment plates (low flowrate case). 
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The temperature is still at that of the hotter leg over 
2.4% of the core inlet plate area (i.e. it is unmixed at 
this level), while the contour representing 50% mixing 
divides the area into approximately two-thirds (cooler) 
and one-third (hotter) sections. 

Fig. 11: Temperatures midway between upper 
attachment and core support plates (low 
flowrate case). 

4.2 Intermediate Flowrate 

4.2.1 Velocities 

The velocity characteristics of this case show only 
minor deviations from a straightforward doubling of 
the velocities of the low flowrate case at any given 
point in the model, and these are caused only by 
small variations in the imposed resistance factors. 

4.2.2 Ternperatures 

There is very close similarity in the temperature 
contours in the vertical-plane through the hotter inlet 
and the centre of the vessel with those of the low 
flowrate case, with only a slight increase in 
penetration of fluid from the downcomer into the 
bottom region of the vessel. This causes marginally 
better mixing of the hot and cold fluid streams below 
the core support plate. 

Fig. 12: Temperatures through the core inlet plate 
(intermediate flowrate case). 

At the level of the core inlet plate (Fig. 12), swirling in 
the downcomer has moved the peak temperature 
azimuthally by slightly over 28° from the position of 
Cold Leg 2 — an increase of 5° over the low flowrate 
case. Otherwise, the thermal profiles are very similar 
in both cases, with no significant difference in the 
average mixing of the streams (cf. Fig. 9). Also, there 
is the same degree of mixing in the region above the 
plate (cf. Figs. 8 and 13). However, there has been 
some improvement in mixing at the level of the core 
inlet plate, for which the proportion of unmixed hot 
fluid has dropped from 2.4% to 1.4% of the total. 

Fig. 13: Temperatures through the centre of the 
thermal shields (intermediate flowrate case). 

4.3 High Flowrate Case 

4.3.1 Velocities 

A plot of the vertical component of velocity in the 
vertical plane through the centres of Cold Leg 2 and 
the reactor vessel (Fig. 14) shows that there is now 
better mixing below the core support plate, with a 
broader core of higher vertical velocity material having 
been created by an even stronger penetration from 
the downcomer into the lower region of the drum. All 
other aspects of the flow are similar to the previous 
case, with the effect of circumferential swirl again 
stronger than for the lower inlet flowrate cases, though 
the effect is not strictly proportional to the ratio of 
these flowrates. 

4.3.2 Temperatures 

The effect of swirl can be seen from the distribution of 
temperature over the plane of the core inlet plate, 
seen in Fig. 15. The peak temperature has now 
moved around by 30° relative to the cold leg through 
which it entered the vessel — an increase of only 2° 
over the intermediate flowrate case. The general 
degree of mixing of the fluid remains similar to the two 
previous cases, and the only clear difference is that 
the relative area of the plate covered by unmixed hot 
fluid has again been reduced: to 1.0% compared with 
the 1.4% for the intermediate-flow case. 
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20°C 

30°C 

Fig. 15: Temperatures through the core inlet plate 
(high flowrate case). 

Fig. 14: Vertical velocity component in a plane 
through the hotter inlet (high flowrate case). 

5 CONCLUSIONS 
Steady-state calculations have been performed in 
simulation of the injection of boron-diluted water 
through one leg of a 3-loop PWR. The flowrates in the 
three cold legs to the reactor vessel were set at 
1.63 l/s, 3.27 l/s or 13.07 l/s for the low, intermediate 
and high flowrate cases, respectively, with the 
temperature of incoming fluid to Cold Leg 2 set at 
10°C above that to the other two cold legs, to simulate 
the presence of de-borated water. Conclusions are as 
follows: 
1 Circumferential swirl exists in the downcomer and 

vessel, which increases with increasing flow, but 
not at a rate proportional to the increase. 

2 The presence of swirl appears to have only a small 
enhancement effect on the mixing of the hotter and 
colder fluid streams. 

3 At the lowest flowrate, the area of the core inlet 
plate over which the temperature has not dropped 
from that of the hotter of the three cold-leg inlets 
(i.e. representing the unmixed-fluid) is 2.4% of the 
total, dropping to 1.4% at twice the flowrate, and 
1.0% at 8 times the flowrate. 
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ASSESSMENT OF THE MELCOR CODE AGAINST PHEBUS EXPERIMENT FPT-1 
PERFORMED IN THE FRAME OF ISP-46 

J. Birchley 

Calculations of PHEBUS FPT-1 are being performed in the frame of CSNI International Standard Problem 
ISP-46. The objective of ISP-46 is to assess the capability of computer codes to provide an integral 
simulation of a severe accident in a Pressurised Water Reactor (PWR), from the initial stages of core 
heat-up to the behaviour of released fission products in the containment. The present calculations are 
performed using MELCOR, chosen as the main tool for assessment of Swiss nuclear plants by virtue of its 
whole-plant-simulation capability, using modelling practices as similar as possible to those used in plant 
analyses. The calculations cover the bundle heat-up, degradation, the release, transport and retention of 
fission products and other materials, and the thermal-hydraulic and aerosol behaviour in the containment. 
Comparison between a best-estimate case and experiment demonstrates the code's ability to capture 
most aspects of the sequence with fair to good accuracy. Uncertainties remain, particularly in regard to 
core degradation, and the chemistry and transport of fission products. Weaknesses of code models in 
these areas largely reflect limitations in current knowledge. 

1 INTRODUCTION 

The PHEBUS Fission Product (FP) project [1] is an 
international, severe-accident research programme 
conducted by the French Institute de Radioprotection 
et de Surete Nucleaire (IRSN). The key feature of 
PHEBUS is a "cradle-to-grave" simulation of the 
accident using prototypic materials, capturing the 
entire portfolio of processes —material, chemical and 
transport — 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 
evaluation, and hence place best-estimate predictions 
of source terms on a firmer basis. 

The PHEBUS facility comprises an in-pile, 1 m long, 
5x5 rod bundle, an upper volume, pipework to simulate 
the hot leg, the steam generator primary side, the cold 
leg, and a vessel with a sump to simulate the 
containment. Power is delivered to the fuel rods via a 
driver core which surrounds the bundle and is 
controlled by the operators. The components are 
scaled approximately 1:5000 with respect to a 900 
MWe commercial PWR. The containment surfaces are 
slightly superheated, except for a limited area which is 
subcooled and simulates the scaled surface for 
condensation. A general description of the PHEBUS 
facility as configured for experiment FPT-1 is given in 
[2]. The experiment [3] was performed using fuel 
irradiated to near end-of-cycle condition. The transient 
was representative of a PWR depressurised sequence 
with a dried-out core and a flow of steam sufficient to 
maintain oxidising conditions. The power transient 
comprises a series of ramps and plateaux, with 
shutdown according to the bundle state deduced from 
the temperatures in the shroud. Fission products are 
released from the bundle and are partially transported 
to the containment vessel. Following reactor shutdown, 
the containment is isolated and the aerosol and 
chemical behaviour is monitored. The results are 
reported in detail in [4]. 

The adoption of FPT-1 as the subject of CSNI 
International Standard Problem ISP-46 [5] enables 
direct and rigorous code-code and user-user 
comparison, and hence demonstrates the comparative 
strength, weakness and susceptibility to user effects of 
the various codes, thereby providing an overall 
assessment of current tools and know-how. 

Experiment FPT-1 has been the subject of numerous 
previous analyses, for example [6], using detailed 
code packages to examine separately the various 
aspects of the sequence, and to interpret the complex 
phenomena exhibited. The understanding thus gained 
makes it appropriate to calculate the sequence in an 
integral manner with the same tools as used for plant 
application. The present calculations were performed 
using MELCOR 1.8.5 [7], chosen as the main tool for 
assessment of Swiss nuclear plants by virtue of its 
capability to simulate all phases and aspects of a plant 
accident sequence in an integral manner, and its 
comparatively economical run-time performance. In 
accordance with the aims of the ISP, the approach 
used in the calculations was to use modelling 
practices, in regards to noding detail and model 
options which are as similar as possible to those to be 
used in plant analyses. The scope of the calculations 
covers the bundle heat-up, degradation, and the 
release of fission products and other material from the 
bundle (Phase 1), the transport and retention in the 
circuit (Phase 2), and the thermal-hydraulic and 
aerosol behaviour in the containment (Phase 3). The 
iodine chemical behaviour in the containment (Phase 
4), though part of ISP-46, was not calculated because 
the status of the iodine chemistry models in MELCOR 
is not yet established, and their use at PSI remains 
under review. 

The following sections present an outline of MELCOR, 
especially the features and models relevant to FPT-1, 
a summary of the input model, a description of the 
best-estimate a calculation, discussion of sensitivities, 
and an overall assessment of the code modelling and 
practicalities. 
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2 CODE DESCRIPTION 

MELCOR is designed to simulate all phases of a plant 
severe accident, the relevant plant phenomena and 
components. The objective is to concentrate on the 
major characteristics and parameters important for 
plant safety rather than to capture the processes in 
detail. MELCOR comprises, typically, simple empirical 
correlations or parametric statements, and is normally 
used conjunction with coarse-mesh input models. 

The different packages are internally decoupled from 
each other, but are linked through the executive 
module, which synchronises the time-step 
advancement, manages the data transfer, and 
maintains conservation and consistency of physical 
quantities. 

The thermal-hydraulic module is pivotal within the 
code, and is the most intimately linked to the other 
modules. In particular, it furnishes the thermal and fluid 
conditions for all of the process and component 
models — degradation, fission-product transport, 
corium-concrete interaction, etc. In the spirit of the 
coarse-noding approach, fairly large regions are often 
represented by just one hydraulic cell. Each cell 
normally comprises two regions: a pool, which may be 
a single-phase liquid or a two-phase bubble-rise 
region, and an atmosphere which may contain liquid 
water in the form of fog. The mass of each non-
condensable gas species is also tracked. The cells are 
connected by flow paths where the flows of the pool 
and atmosphere are separately calculated by means of 
a simplified, one-dimensional treatment of momentum 
balance. Closure is provided via correlations for the 
mass, energy and momentum exchanges. Heat 
conducting structures provide the physical and thermal 
boundaries for the hydraulic system; these can ablate 
or undergo failure through thermo-mechanical loads. 

The core models follow the heat-up, oxidation, fuel 
dissolution, bulk melting and relocation. The core 
components include fuel rods, absorber rods, cladding, 
non-supporting structures such as guide tubes, and 
supporting structures. In order to resolve the spatial 
variations within the core, it is customary to subdivide it 
into a number of radial and axial cells within a single 
fluid volume. Heat generation in the core is by a 
combination of fission, decay and oxidation. Melting 
occurs at the melting point of the pure material, or due 
to eutectic interactions between metallics (e.g. steel 
and Zr) and between metallic and oxide (e.g. Zr and 
U02, Zr and Zr02). The fuel rods are considered to be 
locally reduced to debris, once intact geometry is lost; 
this according to a temperature criterion, or when 
melting occurs. Both liquid and solid debris can 
relocate downwards or radially, provided there is 
space for them to occupy. Material relocates to the 
lower head when the supporting structures fail, 
according to an empirical correlation or parametric 
criterion. 

The large number of fission products is reduced to 11 
radionuclide classes into which the nuclides are 

grouped, plus a separate group for U02. In each class, 
a single representative material is identified (e.g. Cs 
for alkali metals, I for halogens), so that the class 
inventories therefore comprise the sums of the 
individual nuclides. Release from the fuel is modelled 
using CORSOR [8], and the associated decay-heat is 
transported with the fission products. Release of 
absorber and cladding materials can also be modelled 
by defining additional classes. Material can be 
transported as vapour or aerosols. Vapour may 
condense on cool surfaces, or may form aerosols 
within the bulk volume. The latter are subject to 
processes of agglomeration, inertial and turbulent 
impaction, thermophoresis, etc., and as a result are 
partially retained in the course of transport. On 
reaching the containment, they are removed from the 
gas space, mainly by settling and diffusiophoresis onto 
condensing surfaces. The treatment of chemistry is 
very limited in that fission products are released from 
the fuel in elemental form. However, some of them 
form compounds after release, notably CsOH, TeO, 
and Csl. The only area where fission product chemistry 
is treated in detail is the containment, via an iodine 
model based on the INSPECT code, as described in 
the MELCOR Reference Manual [7]. 

3 MODEL DESCRIPTION OF THE PHEBUS 
FACILITY 

The approach adopted was to use a level of detail 
similar to that of a plant model, and mainly default or 
neutral model options, taking into account that certain 
facility characteristics which are atypical of a plant 
might need to be treated in a special way. 

The hydraulic system was modelled using rather a 
coarse nodalisation, with a total of 14 fluid volumes. 
Just one cell was used for the heated bundle, three for 
the hot side of the steam generator (SG) tube, one for 
the SG cold side, and a single volume for the 
containment tank. Reflecting the layout of the 
PHEBUS test section and circuit, the volumes were 
connected in simple linear fashion with no parallel flow 
paths or volumes. The noding scheme, with the 
respective volume and junction elevations, is shown in 
Fig. 1. 

The PHEBUS core components extend over three fluid 
volumes — the inlet plenum, the active bundle and the 
upper plenum. The 1 m active bundle is subdivided 
into 11 axial and 2 radial cells. The axial nodes are of 
length 5 cm, 9 * 1 0 cm, 5 cm, in order to ensure that 
the cell centres are located at the thermocouple 
elevations. 

Heat structures were used to represent the bundle 
shroud, the pipework of the rising line, hot leg, SG 
tube, cold leg, containment walls, sump, upper and 
lower vaults, and the wet and dry parts of the 
condensers. The material properties and dimensions 
of the heat structures were as described in the 
specification document. The models and input 
parameters in the base and best-estimate cases are 
summarised in Table 1. 
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Fig. 1: MELCOR noding for PHEBUS circuit. 

The hydraulic conditions are determined, essentially, 
by the initial conditions, the bundle power, the inlet 
flow, and the circuit and containment boundary 
conditions. The circuit boundary temperatures were 
maintained at prescribed values (i.e. 700°C and 150°C 
for the hot and cold sections of the circuit), while the 
bundle shroud was cooled externally by the flow of 
water in a cooling jacket with inlet temperature set at 
165°C. The initial conditions in the containment and 
steam inlet flow were defined according to the 
specification document. The containment external 
temperatures were set to their experimental values. 
The bundle power and inlet steam flow are shown in 
Fig. 2. 

The starting point for the calculations was a case in 
which all of the facility and experimental parameters 
were set to their nominal values, and the code default 
or neutral model options and values were used 
throughout. The aim of the nominal case was to 
provide a first assessment of the ability of MELCOR to 
calculate the sequence without introducing any special 
models or "tuning" to experiment. Despite this, the 
model correctly reproduced most aspects of the 

experiment, with the notable exception that release of 
absorber and structural material from the bundle was 
not calculated, due to the absence of an appropriate 
model in MELCOR. 

Fig. 2: Bundle power and steam flow. 
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Table 1: Summary of MELCOR process models. 

Process BASE CASE Best estimate 

Bundle nuclear power Nominal, modified for movement fuel and absorber As base case * 0.9 
Shroud As stated in [1]. Inter-layer gaps contain steam, 

thermal conductivity increased at high temperature 
to simulate gap closure 

As base case; 
material conductivity 
*1.2 

Zircaloy oxidation model Urbanic/Heidrick; parabolic kinetics As base case 

Diffusive limitation on Zr reaction 
in gas phase 

Heat/mass transfer analogy for rate of steam 
diffusion As base case 

Oxidation of Zr-bearing mixtures As metallic Zr, adjusted for surface area of refrozen 
debris 

As base case 

U02/Zr dissolution model Hofmann As base case 

Oxidised cladding breach Tdad > 2400 K or oxide shell < 0.01 mm As base case 

Bulk fuel movement T > 2500 K and not supported by intact component As base case 

U02-Zr02 melting T > 2800 K As base case 

FP release from fuel (rods, melt, 
melt pool) 

CORSOR-M for FP, U02. 
Same for intact, debris or molten 

Low volatile FP; U02, 
coefficients increased 

Structural material release 
(control rods, cladding,...) 

Defined as pseudo-FP with tuned release 
parameters 

As base case; 
coefficients retuned 

Aerosol characteristics: mass 
median diameter (D), density, 
size range and distribution 

rho=2500 kg/m3 
Dmin / Dmax = 1 / 50 mu 
log-normal, size classes = 5 

rho = 5000 kg/m3 

Dmin/Dmax = 0.1/10 mu 

Deposition and resuspension 
processes modelled 

MAEROS models (from Hinds [9]): 
settling, diffusio-/thermo-phoresis, Brownian 
diffusion, inertial impaction. No resuspension model 

As base case 

Agglomeration processes 
modelled 

MAEROS models (from Hinds [9]): 
gravitational, turbulent and Brownian coagulation; 
hygroscopic effects not modelled 

As base case 

Aerosol nucleation models Aerosol forms with mean size geometric of smallest 
class. Composition by weighted sum of condensed 
species 

As base case 

Wall effects Wall condensation if Twan < T* < Tgas; 
T* = species saturation temperature 
Revolatilisation if Twan > T* 
Adsorption not modelled 

As base case 

Treatment of chemistry I as Csl; remaining Cs as CsOH; Te as TeO 
Containment chemistry not represented 

As base case 

Steam condensation model Heat-mass transfer analogy to convert Nusselt to 
Sherwood number; reduction when non-
condensables present 

As base case 

This omission made it impossible to assess the 
modelling of fission-product transport and aerosol 
behaviour in the containment. To overcome this 
deficiency, a set of parameters was constructed to 
simulate the releases. The resulting model was used 
for the base-case submission to ISP-46, which aimed 
therefore to provide a calculation corresponding to the 
data in the ISP specification document avoiding, as far 
as possible, use of any experimental results. The 
calculated sequence is compared against experiment 

in Table 2, together with the best-estimate calculation 
described in the following section. 
Several further calculations were performed in order 
to examine the following areas of sensitivity: bundle 
power, radiation exchange factors in the bundle, 
shroud thermal conductivity, oxidation model, 
degradation parameters, release parameters, noding 
of steam generator tube, containment initial boundary 
conditions, aerosol density and size range. Thus, the 
variation in input parameters was intended to cover 
the major sources of experimental and modelling 
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uncertainties. The best-estimate calculation included 
modifications to bundle power and shroud conductivity 
(within their experimental uncertainty bands), and 
further changes to the release parameters. The best 
estimate attempted to reproduce the observed thermal 
response during the early part of the sequence up to 
the main oxidation peak, and the bulk releases from 
the bundle. 

4 DESCRIPTION OF BEST-ESTIMATE 
CALCULATION 

The calculated base case and best-estimate event 
sequence and major characteristics are compared 
with experiment in Table 2. The overall character of 
both calculations agree well with the experiment data, 
which suggests that MELCOR is able to capture, at 
least globally, the major phenomena - cladding 
oxidation, fuel liquefaction, debris formation, fuel 
movement, oxidic melting, fission product release, 
aerosol behaviour, and containment thermodynamics. 

Table 2: FPT-1 Experimental and calculated event 
sequence. 

However, some of the event timings during the initial 
heat-up are earlier than observed, particularly for the 
base case. The bundle power was reduced by 10% 
and the shroud conductivity increased by 20% for the 
best-estimate case, values which are close to the 
extremes of the experimental uncertainty range. This 
gave better agreement for timings, but the extent of 

degradation is underestimated, and melt-pool 
formation is not calculated. 

Comparison of the bundle fuel temperatures, shown in 
Figs. 3a, 3b, demonstrates remarkably good 
agreement during the heat-up through the early 
plateau and main oxidation excursion. 

Fig. 3a: Fuel rod temperatures (upper region). 

Fig. 3b: Fuel rod temperatures (lower region). 

Some discrepancies become apparent during the later 
period, but the comparison should be regarded as 
qualitative only, since the degradation affects the 
functioning of cladding thermocouples as well as the 
thermal response itself. The oxidation history is 
correctly reproduced, although there is indication, 
shown in Fig. 4, of premature onset of oxidation. 

The calculated final bundle state, shown in Fig. 5, 
exhibits degradation throughout most of the bundle, 
transformation to debris, and voiding in the middle 
section as material relocates downwards. Almost all of 
the absorber has melted, and dropped below the 
active region. The experimental end-state, shown in 
Fig. 6, indicates the areas of quasi-intact geometry, 
debris, voiding, and melt-pool formation. 

Event (units) Experiment 
Base case 

BE 
Cladding rupture (s) 5700 4770 

5024 

Start of oxidation (s) 
(>1% total H2 generation) 

8580 5320 
6160 

Start of FP release (s) 
(>1% Xe release) 

11185 9950 
10900 

Control rod failure (s) 9690 9250 
10420 

First relocation (s) 11000 10660 
11250 

First oxidation peak (s) 11260 10630 
11300 

First oxidation peak 
temperature (K) 

2490 2400 
2470 

Melt-pool formation (s) ? 16925 

Total mass of H2 (g) 96 101 
99 

Displaced fuel (kg) « 4.6 2.15 
2.00 

Dissolved or melted fuel 
(kg) 

= 1.4 1.22 
0.36 

Maximum temperature (K) >2500 2800 
2792 
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Fig. 4: Hydrogen generation in bundle. 

Thus, the degradation and voiding have been 
correctly reproduced, but the extent of downwards 
movement of fuel has been underestimated, and the 
molten pool, which formed near the bottom of the 
bundle, was not calculated. Downward movement of 
absorber material was overestimated. 

Oxide melting appears to have enhanced strongly the 
bulk fuel movement which occurred towards the end 
of this phase, but this was not calculated as the 
melting point (2800 K) assumed in MELCOR was not 
reached. Post-test examinations of the PHEBUS 
bundle indicate fuel melting at lower temperatures 
(2750K), which may be a reason for the discrepancy. 

absorber rod 
debris intact 

ssx ss s ic s ic ss ssx 

inner fuel rods 
debris intact 

:rx zr uo2 uo2 zr zrx 

outer fuel rods 
debris intact 
< zr uo2 uo2 zr zrx 

I 

I 
Fig: 5: Bundle end-state (calculated). 

The total releases of noble gases and volatile fission 
products from the bundle were in generally good 
agreement although the rates of release were 
overestimated, as exemplified by xenon and iodine; 
see Fig. 7. 

Fig. 6: Bundle end-state (experimental). 

It can also be seen that the iodine release to the 
containment is underestimated. Many of the fission 
products exhibited chemical behaviour that cannot be 
modelled with MELCOR, and which affected the 
transport and retention. In particular, some of the 
iodine was transported as gaseous species, while 
some of the caesium is thought to have been in the 
form of molybdate, which was deposited in the rising 
line. Retention of aerosols in the SG tube was 
overestimated. 
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Fig. 7: Fractional release of xenon and iodine. 

The containment pressure was mainly determined by 
the steam inlet flow and condensation rates. Figure 8 
shows the good agreement achieved, despite the 
simplicity of the models. Agreement for the aerosol 
deposition, Fig. 9, was also quite good, bearing in mind 
that the total mass of aerosols transported to the 
containment is underestimated by about a factor two. 
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Fig. 8: Total and partial pressures in containment. 

This is due partly to the overestimate of the retention in 
the circuit, and partly because certain released 
materials, notably rhenium from thermocouples, which 
are specific to the PHEBUS facility, were not included in 
the calculation. The lower concentration led to less 
agglomeration, and hence a slower settling. There was 
good agreement for deposition on the wet condenser, 
as this was not affected by the agglomeration. 

5 DISCUSSION OF UNCERTAINTIES 

All of the calculations gave good qualitative agreement 
with FPT-1 data, correctly reproduced the integral 
character of the sequence, the causal chain of events, 
and most of the main phenomena. Agreement for the 
magnitudes and timings was mixed — some 
parameters were calculated accurately, while others 

showed sizeable discrepancies. There are several 
reasons to expect quantitative differences, notably the 
simplified and often very approximate treatment of the 
physical processes, the coarse noding, the 
experimental uncertainty, and perhaps also the difficulty 
in identifying an observed event or quantity with its 
MELCOR counterpart. Agreement was generally at 
least fair and within acceptable bounds, and the 
reasons for the discrepancies were mostly traceable to 
known limitations in the modelling. Thus, the character 
of the calculated sequence was not sensitive to the 
input model choices and parameters. 

10000 20000 

Time (s) 
30000 40000 

Fig. 9: Aerosol mass distribution in containment. 

The calculations generally conserved mass and 
energy in the thermal-hydraulics, material movement 
and fission product release parts of the calculation, 
except for an incompatibility between the core and the 
radionuclide packages. The released structural and 
absorber material is ignored in the accounting of core 
material inventory, but this is only significant for 
materials undergoing large fractional release (e.g. 
cadmium). 

The premature calculation in the base case of many of 
the events times, and most clearly the onset of 
oxidation, suggests that the nominal power might be 
too large, or the heat transfer from the fuel might be 
too small. The best-estimate simulation gave 
improved agreement for the timings, and for the fuel 
rod and shroud temperatures, by virtue of reduced net 
heating, but at the cost of worse agreement for the 
extent of degradation in the later period. As an 
alternative, increasing the radial radiation exchange 
factors in the bundle from the default of 0.25 to 0.75 
(values which probably represent realistic bounds) 
caused more heat to be transferred from the inner 
rods to the shroud. This gave results similar to the 
best-estimate case, with slightly better agreement for 
temperatures of the inner fuel rods but worse for the 
shroud temperatures. The uncertainty band for the 
modelling of heat balance appears to roughly coincide 
with the experimental uncertainty. 

The onset of oxidation was also too early in all of the 
calculations, including the best-estimate case, in 
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which the time of the peak was accurately calculated. 
A possible reason might be that the default Urbanic-
Heidrick (U-H) oxidation model possibly overestimates 
the rate in the lower temperature range, even though 
the total generation is correct. A case was run using 
the recently recommended Leistikow [10] and Prater-
Courtright correlations [11] in the low (<1800 K) and 
high (>1900 K) temperature ranges, respectively. The 
Leistikow correlation (slower kinetics than U-H) gave 
improved agreement for the time at the onset of 
oxidation, but the Prater-Courtright correlation (faster 
than U-H) overestimated the oxidation rate, leading to 
an even earlier estimate of the time of the peak, and 
premature end of the main oxidation excursion; this 
implied that the total hydrogen generation was 
underestimated. The U-H oxidation model is 
questionable in the lower temperature range, but 
appears to give good results overall. Modelling of 
zircaloy oxidation at the time of metallic melting and 
movement is problematic, and beyond the scope of 
MELCOR. 

Uncertainties in the heat balance might also have 
contributed to the tendency to underestimate the 
degradation, but this cannot be definitely concluded 
from the present analyses. PHEBUS, among other 
programmes, shows that the processes that control 
debris formation, bulk relocation and melting have not 
yet been clearly identified, and so must be considered 
a continuing uncertainty. However, it should be 
possible to vary the relevant parameters in MELCOR. 

The fission-product releases calculated by the 
CORSOR-M model depended, of course, on the 
release parameters, but were fairly insensitive to other 
aspects of the model. Despite good agreement for 
the total release of volatile fission products, the 
release rates were overestimated by a factor of about 
three. Releases of the U02 and the less volatile 
fission products were underestimated if the default 
model was used, and the timing of release remained 
in poor agreement against measurement, even if the 
total release was acceptable. The release of several 
of the fission products depends on chemical 
processes which are not well understood. At present, 
the release parameters must be treated as uncertain 
until additional data are available. MELCOR provides 
no model for the release of structural and absorber 
material, and this should be remedied. These releases 
could only be calculated in an artificial and 
unsatisfactory manner, and were highly sensitive to all 
aspects of the calculation. 

Aerosol retention in the circuit was overestimated by 
all the calculations, and was not significantly alleviated 
by changing the assumed aerosol characteristics. 
There was some overestimate in the gas 
temperatures in the vertical line from the bundle and 
the hot-leg, which might have caused an overestimate 
of the aerosol deposition in those locations, but this 
does not appear to be a major factor. Most of the 
calculated retention occurred in the first metre or so of 
the steam generator tube, where the calculated 
temperatures agreed well with the data. The 

overestimate is broadly similar to that calculated by 
other codes, for example VICTORIA [12], and appears 
to be generic to 1-D models, perhaps due to the 
neglect of 2-D effects. MELCOR did not calculate the 
observed retention of caesium in the hot leg, as it did 
not calculate the correct chemical species. However, 
the overall impact of chemical speciation of fission 
product retention appears to be minor when compared 
with uncertainties in release from the fuel and aerosol 
deposition. Speciation is likely to be more important in 
predictions of the chemical behaviour in the 
containment. 

The single-node containment model gave good 
agreement for the pressure and temperature histories, 
but it was necessary to specify the initial and 
boundary conditions accurately, as the calculated 
values proved to be rather sensitive to the model 
inputs. The base case overestimated the pressure, 
but the discrepancy was small due to compensating 
errors in the input; these were corrected in the best-
estimate model. Condensation and associated aerosol 
deposition agreed well with experiment, and the small 
deposition on the vertical walls was in qualitative 
agreement with experiment. The mass transported to 
the containment was, in most cases, lower than 
experiment, mainly due to the neglect of released 
material from instruments in the bundle, and 
overestimate of the retention in the circuit. This low 
aerosol concentration in the containment possibly 
contributed to a slight underestimate of the 
agglomeration rate, the mean size and the settling 
rate, but additional reasons might have been 
limitations in modelling the agglomeration processes. 
The number of size classes was probably too small to 
properly resolve the size distribution. The single-node 
model appears to be adequate for the open volume of 
the PHEBUS containment. 

6 CONCLUSIONS 

MELCOR successfully calculated Phases 1,2 and 3 of 
the PHEBUS FPT-1 experiment. The character of the 
sequence, and all the main features, were reproduced 
using mainly default or neutral model options, and 
with noding typical of a plant model. Good agreement 
was obtained for the bundle thermal response, 
hydrogen generation, and the containment thermal-
hydraulic behaviour, while most other aspects of the 
sequence were at least in fair agreement with 
experimental data. The simplicity of the physical 
models, the coarse noding, together with experimental 
uncertainties, all resulted in some quantitative and 
timing discrepancies, which could be ameliorated, 
though not completely eliminated, by tuning of input 
parameters. 

The code ran in a robust manner with no run-time, 
numerical or instability problems. The coarse noding 
meant that calculations could be performed with 
modest computing resources, so that additional trial 
and sensitivity cases did not impose a major burden. 
The calculation was generally robust to changes of 
compiler and machine, although some of the more 
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sensitive variables were slightly affected. Run-time 
performance and robustness assume importance in 
plant applications, for which sensitivity studies are 
necessary to address uncertainties 

Knowledge of the results was used only to a limited 
extent in defining the input, notably in modelling 
release from the bundle to provide a more-or-less 
correct source for transport through the circuit. 
However, prior knowledge of the experimental 
behaviour did help to identify certain input errors, and 
highlighted dependences that were not previously 
appreciated. 

It should be realised that PHEBUS is a simplified and 
highly idealised representation of a reactor accident, 
and the adequacy of the simple noding employed in 
the present application might not extrapolate to a real 
plant, for example because of two and three-
dimensional flows in the vessel or circuit. Other 
phenomena not addressed include reflooding, 
external cooling, air-ingress, hydrogen-burning, and 
late-phase, ex-vessel corium behaviour. The 
benchmarking of MELCOR (and other tools) against 
PHEBUS FPT-1 needs to be complemented by 
analyses of additional experiments such as those 
being carried out in the QUENCH programme [13], 
and future PHEBUS experiments. 

The most serious model weaknesses are in the 
release of fission products and other materials from 
the core, their chemical speciation, and their retention 
in the circuit. These weaknesses are unavoidable 
without a much more detailed treatment of the 
controlling processes, but in any case are shared with 
other codes, and reflect limitations in current 
knowledge. The resulting uncertainties have a impact 
on source-term assessment and at present must be 
quantified using data from experiments and/or 
detailed analyses, or via sensitivity studies. A 
particular limitation is the absence of a suitable model 
for the release of absorber and structural material. 
The presence of silver in the containment has been 
demonstrated to strongly limit the extent of iodine 
volatility. Limitations also exist in the models for core 
degradation and melting, although their impact is less 
severe; additional flexibility in the code input would 
help to quantify the related uncertainties. 

Despite the above reservations, the analysis of 
PHEBUS FPT-1 has incresed confidence in the 
adequacy of the MELCOR models, their integration in 
the code, the specification of input, and the 
practicalities of actually running the code. 
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THE FUJI PROJECT: FUEL TEST FOR JNC AND PSI -
A JNC-PSI-NRG COLLABORATION 

Ch. Hellwig, P. Heimgartner, F. Ingold 

The FUJI project Is especially dedicated to the early-in-life restructuring of two types of particle fuel — 
sphere-pac and vipac — in comparison to pellet fuel. Three types of sphere-pac fuel segments prepared 
by PSI will be irradiated in the High Flux Reactor (HFR) in Petten (NL), together with pellet-type fuel 
segments and vipac fuel segments (non-spherical, fuel-shard-packed segments), prepared in accordance 
with JNC specifications at PSI under the same irradiation conditions. MOX fuel, with 20% Pu and an 
oxygen-to-metal ratio of 1.97 (typical for fast reactor fuel), is currently being produced in different fuel 
shapes (pellets, microspheres and vipac particles). For the pellet and vipac fuel, the dry attrition mill 
method was used to prepare the MOX powder prior to pressing. Microspheres were produced following 
the internal gelation process, with nitrate solutions as the starting material. The pellet and the vipac 
fabrication have now been completed, although some analysis results are still missing. The special 
production route of vipac has led to particles of beneficial shape; the microsphere fabrication is underway. 
The preparation for the filling and welding of the segments have been completed, and production will take 
place before the middle of 2003. 

1 INTRODUCTION 

The use of low-decontaminated Pu for the fabrication 
of MOX for fast reactors offers significant cost 
benefits. Due to the high radiation, remote-handling 
procedures are required for the fuel and pin 
fabrication. The same is true if minor actinides (to be 
burned in the fast spectrum) are added to the fuel. 
Particle fuels are therefore candidates for achieving a 
simple and remote procedure for manufacturing of 
advanced fuel for the burning in a fast reactor of minor 
actinides (MA) and low-decontaminated plutonium. 
Additionally, particles can be produced via a wet-
chemical route, and so dust production can be greatly 
reduced in comparison to dry pellet fabrication. Two 
types of particle fuel are used today: sphere-pac and 
vipac. 

The irradiation performance of these fuel types must 
be carefully investigated and compared against pellet 
fuel. Today, there exists only sparse technical 
knowledge on the fabrication and irradiation behaviour 
of sphere-pac fuels containing MA and high 
concentrations of plutonium in the form of uranium 
and plutonium oxides (MOX). The same is true for 
vipac fuel. 

In general, and contrary to pellet fuel, pins comprised 
of particle fuel do not have gaps. This is of advantage 
thermally, but is more than compensated by the lower 
thermal conductivity resulting from the small area of 
solid contact between adjacent particles. However, 
this area increases rapidly during irradiation due to 
different sintering mechanisms, leading to a steadily 
increasing thermal conductivity of the fuel, and 
therefore lower central fuel temperatures. It is obvious 
that this sintering behaviour, which is distinct at the 
beginning of irradiation, is crucial for the safety 
evaluation of the fuel. The FUJI project focuses on the 
early-in-life sintering and restructuring of the two types 
of particle fuel: sphere-pac and vipac [1]. The 
objectives of the FUJI project are as follows: 

• Compare fuel performance for sphere-pac, 
pellet and vipac type fuels under the same 
irradiation conditions 

• Study the restructuring of sphere-pac fuel 
from start-up conditions to melting 
temperatures 

• Study the behaviour of MA and plutonium 
burning under reactor irradiation conditions 
with a radial temperature profile of the fuel pin 
close to that expected in a fast neutron 
spectrum 

• Study plutonium and MA migration and 
restructuring behaviour at high linear heat 
ratings in a fuel irradiation experiment with a 
radial temperature profile close to that 
expected in a fast neutron flux 

• Exchange information to keep open the option 
of a later transfer of the sphere fabrication 
process and pin-filling technology. 

The content and goals of the project, and the present 
status and results of the work performed, are 
summarized in this report. 

2 EXPERIMENTAL 

The irradiation matrix 

Three types of sphere-pac fuel segments, each 
prepared by PSI, will be irradiated in the High Flux 
Reactor (HFR) at Petten (NL), together with pellet-
type fuel segments and vipac fuel segments (non-
spherical fuel, shard-packed), prepared in accordance 
with JNC specifications at PSI under the same 
irradiation conditions. 

A total of 16 fuel segments (four series of four 
segments each) will be irradiated in the pool-side 
facility of the HFR. In this facility, fuel segments (two 
parallel rods) can be moved towards the reactor core 
on a trolley. As a result of this movement, any power 
history can be applied to the test rods independently 
of the reactor operation. To increase the fuel testing 
possibilities, PSI will produce segmented rods with 
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two segments forming one test rod. The connection 
between the two segments will be placed in the centre 
plane of the reactor. Thus, four segments (two 
segmented test rods) can be irradiated in parallel in 
one operation. The irradiations focus on the following 
features: 

• The "initial sintering test" (maximum power 
540 W/cm, duration 36 hours) imitates the 
start ramp of the fast reactor JOYO; i.e. the 
power increases linearly from zero to full 
power in 36 hours 

• The "first restructuring test" (maximum power 
540 W/cm, duration 84 hours) again imitates 
the start ramp, but with a subsequent holding 
time of 48 hours 

• The "second restructuring test" (maximum 
power 540 W/cm, duration 132 hours) imitates 
the start ramp with a subsequent holding time 
of 96 hours 

Table 1: 

Fuel type 

Fuel form 

Smear density 

Fuel type 

Fuel form 

Smear density 

3 FUEL FABRICATION 

MOX fuel with 20% Pu and an oxygen-to-metal ratio 
of 1.97 (typical for fast reactor fuel) is currently being 
produced at PSI: Pu02 of one single batch P-18 (PSI-
designation, Pufiss=88.3%), and depleted U02 from 
BNFL, have both been used. 

For pellet and vipac fabrication, the weighed amounts 
of each oxide powder (Pu02 and U02) were mixed in 
a Turbula™ mixer for 4 hours, and then milled with an 
improved two-stage attrition mill developed by 
KAERI1. The mill is an improvement over the 
conventional, batch-type dry attrition mill [2] in regard 
to its efficiency, and to problems often encountered 
during operation, such as powder sticking at the inner 

1 Korean Atomic Energy Research Institute 

• The "power-to-melt test" (maximum power 
900 W/cm, duration 85 hours) imitates first the 
start ramp and a subsequent holding time of 
48 hours (the same as the "first restructuring 
test"), but then the power is increased 
stepwise until fuel-centre melting is observed. 

The fuel types to be irradiated in the different tests are 
listed in Table 1. In addition to MOX fuel with 20% Pu, 
MOX with 20% Pu and 5% Np will be produced and 
irradiated. Sphere-pac segments will be produced with 
two different filling techniques, leading to different 
smear densities (the above-mentioned maximum 
power is given for the maximum axial power and fuel 
with the highest density). 

After irradiation, PIE is foreseen in the NRG Hotcells 
at Petten; some samples will be transported to PSI for 
burnup analysis. 

wall, agglomeration of powder at the edge of the lower 
part of the mill jar, and rapid fall-down of the powder. 
The mill jar has now been separated by a steel grid 
into upper and lower parts. The shaft has various 
kinds of paddles, with specially-designed shapes for 
each part. The shapes and arrangement of the 
paddles are optimised so that the powder stays for a 
longer time within the milling media (balls made of 
Ystab-Zr02). Once the powder has passed through the 
upper stage, it is continuously milled in the lower 
stage, where the milling operation is refined due to the 
smaller milling media and a different shape of paddle. 

The attrition mill turns at about 150 rpm, which gives 
the total length of time for one passage of powder 
through the mill of about 2-5 minutes, depending on 
its properties. Several passages are applied to one 
powder batch to ensure homogeneity and optimal 
powder properties. 

Overview of the different fuel types to be irradiated in the FUJI tests. 

Initial Sintering 1st Restructuring 2nd Restructuring PTM 

MOX MOX MOX MOX MOX MOX MOX MOX 

Pellet Sphere 
pac 

Pellet Sphere 
pac 

Pellet Sphere 
pac 

Pellet Sphere 
pac 

89.4% 78-81% 89.4% 78-81% 89.4% 78-81% 89.4% 78-81% 

Upper segments 

Lower segments 

MOX MOX MOX Np-MOX MOX MOX MOX Np-MOX 

Sphere 
pac 

Vipac Sphere 
pac 

Sphere 
pac 

Sphere 
pac 

Vipac Pellet Sphere 
pac 

78-81% 75-78% 78-81% 78-81% 72-73% 75-78% 89.4% 78-81% 
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For pellet fabrication, the milled powder is 
subsequently pre-compacted and granulated to 
achieve good fluidity. The granules are pressed to 
pellets, and then sintered. In order to achieve the 
desired O/M ratio, the gas flow of the reducing gas 
(N2+8%H2) can be changed, and vapour can be 
added. 

For vipac fabrication, the milled powder is also pre-
compacted and granulated. The green vipac particles 
are sieved in different fractions, and then sintered in a 
reducing atmosphere. 

The microsphere fabrication follows the internal 
gelation process, with nitrate solutions as starting 
material [3]. All the solutions are prepared by mixing a 
nitrate solution of each element (U, Pu, or Np) 
composing the final product. 

The starting materials were: 
Pu(N03)4+x, prepared by dissolution of Pu02 (from 

PSI-Batch P-18) in nitric acid, with the addition of 
some HF, and subsequent concentration up to 
nearly pure nitrate in a vacuum distillation. 

U02(N03)2-y, prepared by dissolution of U02 

(depleted U02 from BNFL) in nitric acid, and 
subsequent concentration up to the substoichio-
metric nitrate in a vacuum distillation 

Np(N03)4+x, prepared by dissolution of Np02 (from 
Obninsk, Russia) in nitric acid, with the addition of 
some HF, and subsequent concentration up to 
nearly pure nitrate in a vacuum distillation. 

A mixed-feed solution, with 0.80 mol/kg metal content, 
a NO^Me ratio of 1.90 mol/mol, an HMTA/Me ratio of 
1.30 mol/mol, and a urea/Me ratio of 1.30 mol/mol, 
was used for the subsequent gelation. The solution 
was mixed at a temperature of 0°C, and then driven 
though a nozzle of 700 jum diameter; the throughput 
was roughly 4.5 g/min. The drops from the feed 
solution fell into silicon oil at about 105°C, and then 
gelled to spheres. The spheres were then washed in a 
vibro-bed column in an NH4OH solution. No broken 
spheres could be observed after the washing stage. 
The spheres were dried in flowing air in two stages, at 
75°C and 110°C, converted into oxide in a calcination 
stage in an Ar/7%H2 gas stream at 600°C, and finally 
sintered at 1400°C in a reducing atmosphere 
(N2/8%H2) to reach the targeted O/M ratio of 1.97. The 
batch sizes were of the order of 100 g. 
Characterisation of the sintered spheres focused on 
the O/M ratio, the density measurement, X-ray 
diffraction, and chemical composition. Dense oxide 
particles were obtained utilising a thermal treatment in 
a controlled atmosphere. 

4 SEGMENT FABRICATION 

For the fabrication of the segments, the dedicated 
equipment in PSI's Hot Lab will be used. The segment 
to be filled will be connected to the bottom of a special 
"filling box". The fuel will then be filled into the 
segment from above. If required (for vipac and 
sphere-pac fuels), the segment can be vibrated from 
below. The segment will then be temporarily closed 

before transfer to the welding box. There, the end plug 
welding will be performed, after the internals (plenum 
spring, particle seals, etc.) have been added to the 
segment, and the whole filled with He. Finally, the 
segments will be decontaminated, and then examined 
using He-leak and X-ray testing. The particle-fuel 
segments will additionally be scanned to ensure a 
homogeneous density distribution using gamma rays. 

The filling procedures for each different fuel type and 
welding procedure had to be developed from new, but 
are now ready to be applied. 

2 mm 
7PN-T006-19 

21.01.2003 HP43 

Fig. 1: Unetched overview of a MOX pellet; the pore 
distribution is almost homogeneous. 
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Fig. 2: Thermally etched MOX-pellet microspheres. 

For the filling of the sphere-pac segments, fabrication 
parameters from former experiments were adjusted to 
the present case using U02-microsphere filling tests. 
Two types of filling operation have to be distinguished: 
parallel filling and infiltration filling. For parallel filling, 
size fractions (800 jum spheres and 190 jum spheres) 
are filled into the segment in parallel, under moderate 
vibration. Then, the fuel column is fixed, and stronger 
vibrations are applied. For infiltration filling, first the 
coarse fraction (800 jum) is filled into the pin under 
moderate vibration, then the fuel column is fixed with 
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a sieve that allows the fine fraction (70 |nm) to 
penetrate. The fine fraction is added on top of the fuel 
segment, and the infiltration is forced by vibration. 

For vipac filling, well-defined amounts of six different 
size fractions have to be poured homogeneously into 
the segment; then the column is vibrated. 

5 RESULTS 

Pellet fabrication 

All pellets for the irradiation have been produced in 
three batches. A pre-compaction pressure of 15 MPa, 
and a compaction pressure of 400 MPa, were used for 
the fabrication of the pellets. Sintering took place over 
20 hours at 1600°C in a reducing atmosphere. It was 
found necessary to increase the gas flow of the 
reducing sintering gas to 180 l/min to achieve the 
desired low O/M ratio. The diameter of the pellets 
after sintering was 6.85 mm, their height was 9.9 mm, 
and the diameter after centreless grinding was 
6.504 mm. The dimensions are therefore well within 
the specifications. The quality of the majority of the 
pellets was excellent, showing no cracks or flaws on 
the surface. The determined O/M ratio was 1.967 (3 
pellets), and the geometrical density was determined 
at 95.3±0.2%. Ceramography shows a homogeneous 
distribution of the porosity (see Fig. 1). Thermal 
etching was performed, which revealed a grain size of 
roughly 2 |iim (see Fig. 2). (Though this grain size is 
rather small, it could be enhanced by a modified 
sintering procedure. However, for this project, no 
modification was performed, due the irrelevance of 
small grain size for the foreseen, short-time irradiation 
tests). X-ray diffraction and alpha-autoradiography, as 
well as chemical analysis, are currently underway. 

Vipac fabrication 

After evaluating the proposed fabrication route by 
sintering green U02-granules, tests with MOX fuel 
were successfully performed; the pre-compaction 
pressure was 550 MPa. The granulator sieve had to 
be adjusted: the size of the holes was increased from 
1.0 mm to 1.2 mm in order to fabricate large granules. 
In order to increase the grain size, vapour was added 
to the atmosphere during the heat-up phase and the 
first five hours of sintering. To reduce the O/M ratio, 
the fuel was then sintered in a reducing atmosphere 
without vapour for 15 hours. The shape, i.e. the 
circularity, of the particles produced was compared 
with Zr02 granules used for the inactive segment 
filling tests (see also Fig. 3). This is an important 
parameter, since the circularity of the particles will 
affect the achievable smear density. Three types of 
Zr02 granules, with different circularity, were used for 
the inactive segment filling tests: untreated granules 
produced from sintered material, granules ball-milled 
for 24 h, and granules ball-milled for 40 h. The 
circularity of the MOX particles produced was 
comparable to the second type, i.e. those granules 
ball-milled for 24h, and which performed well in the 
inactive filling tests, and thus no further treatment of 

the MOX granules was necessary. Results are in line 
with an independent comparison made of the 
measured tap density (filling density of the granules in 
a glass cylinder after tapping in a defined manner). 

0 5 mm 
! 7PN-V001-6 
' 0.045-0.105 mm 

58 -02015-19 
, 07.06.2002 HP43 

Fig. 3: MOX vipac particles of different size fractions 
produced at PSI. 

To reach a high smear density, a well-defined 
combination of different particle sizes is required [4,5]. 
The optimal range and distribution of vipac particle 
sizes for segment filling is listed in Table 2; the 
particle-size distribution of the fabrication test is also 
given in Table 2. To make better use of the material 
produced, granules were sieved after the first 
fabrication step, and the fraction with sizes between 
600 |nm and 250 jum was compacted, and again 
granulated. The results from the fabrication have been 
added to Table 2. The medium-size granules will now 
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be manually crushed in a mortar to increase the even closer adjustment of the derived particle-size 
amount of the fine-size fraction. This will lead to an distribution to that required 

Table 2: Range and distribution of vipac particle size for segment filling. 

F1 F2 F3 F4 F5 F6 

Particle range (|jm) 850-600 600-425 425-250 250-106 106-45 45-25 

Weight ratio 
(%) 

for optimal segment filling 50.0 9.9 4.6 4.6 18.0 13.0 Weight ratio 
(%) Derived from MOX fabrication test 28.2 25.3 10.0 11.6 13.8 11.0 Weight ratio 
(%) 

Derived from MOX vipac fabrication 37.6 21.4 8.0 18.2 9.2 5.5 

Microsphere fabrication 

Five types of spheres have to be fabricated for the 
project: 800 jum diameter MOX spheres, with and 
without Np, 190 |nm diameter MOX spheres without 
Np, and 70 jum diameter MOX spheres with and 
without Np. At the time of writing, 800 jum size MOX-
spheres without Np have been produced. 

Fig. 4: Sintered spheres placed on a flat glass plate, 
seen from below. 

Figure 4 shows sintered spheres placed on a flat 
glass, seen from below. The sphere size was 
determined at 750 jum. This is lower than the original 
target value of 800 jum, but still within the 
specifications. For reasons mentioned below, it was 
decided to use the 750 jum spheres for the segment 
filling. The O/M ratio was determined at 1.93. This is 
clearly too low, and must be adjusted by further 
sintering runs with a less reducing atmosphere: i.e. by 
adding some water vapour to the N2/8%H2 gas. 

Segment fabrication 

For parallel filling, the fabrication tests showed that 
long filling times would be of advantage in better 
controlling the simultaneous completion of the feeding 
for both size fractions. Contrary to this, the 
homogeneous flow out of the two feeders, for both 
fractions, requires a minimum of throughput. The 
optimum was found to be 25 seconds. For the 
subsequent vibration, a spring-like fixing device was 
used to keep the fuel column down. For infiltration 
filling, the fabrication tests indicated that a higher 
smear density could be reached if the larger spheres 

were made slightly smaller: i.e. about 750 jum instead 
of 800 |nm diameter. 

For vipac filling, the homogeneous mixing and filling of 
the six different size fractions is nearly impossible. 
Good improvement can be achieved if the two 
coarser-sized fractions, and the four finer-sized 
fractions, are first mixed, and then fed into the 
segment in parallel, as is done for parallel-sphere 
filling. For industrial fabrication, a feeder with a 
continuously working balance for each size fraction 
would be the optimum for homogeneous filling. 
Nevertheless, the PSI method does produce filled 
segments of acceptable homogeneity. For the 
vibration procedure, a varying frequency was found to 
be advantageous, provided the resonance frequency 
of the system was avoided. 

6 DISCUSSION AND OUTLOOK 

After the delay in the refurbishment of the Hot Lab at 
PSI, and the subsequent revision of time schedules, 
the work is now proceeding rapidly. The delivery of 
the segments is planned to take place before the end 
of June 2003. The irradiation will then be performed in 
two series: in autumn 2003, and during 2004. Post 
Irradiation Examination (PIE) will be performed 
thereafter, and anyway before the end of 2004. The 
project will be completed with the final report delivered 
by mid-2005. 

Good coordination and smooth collaboration between 
the different working groups involved in the project — 
the analytical group, the actinide chemistry group, the 
fuel performance group of the Laboratory for Materials 
Behaviour, and the Technical Laboratory (for the X-
ray work) — is necessary to achieve the envisaged 
delivery date. Questions relating to transport are being 
addressed, offers from different transport companies 
have been received, and tenders will be given out 
soon. 



90 

REFERENCES 

[1] K. Bakker, H. Thesingh, T. Ozawa, Y.Shigetome, 
S. Kono, H. Endo, Ch. Hellwig, P.Heimgartner, 
F. Ingold, H, Wallin "Innovative MOX fuel for fast 
reactor applications", Proceedings of the ARWIF 
2001 Conference, Chester, UK, 22-24 October 
2001, Paper 3.2 (CD-ROM). 

[2] H.M. MacLeod and G. Yates, "Development of 
mixed-oxide fuel manufacture in the United 
Kingdom and the influence of fuel characteristics 
on irradiation performance", Nucl. Technol., 102, 
3(1993). 

[3] G. Ledergerber, F. Ingold, R.W. Stratton, H.P. 
Alder, C. Prunier; D. Warin, M. Bauer, 
"Preparation of transuranium fuel and target 
materials for the transmutation of actinides by gel 
coconversion", Nucl. Technol., 114, 194 (1996). 

[4] H. Steinkopff, R. Krompass, O.V. Skiba, 
"Automatic refabrication and quality control of fuel 
elements for the BOR-6O reactor in the USSR", J. 
Nucl. Mater., 178, 163 (1991). 

[5] R. Herbig, K. Rudolph, B. Lindau, O.V. Skiba, 
A.A. Maershin, "Vibrocompacted fuel for the 
liquid metal reactor BOR-6O", J. Nucl. Mater., 
204, 93 (1993). 



91 

FRACTURE TOUGHNESS OF ZIRCALOY CLADDINGS 

J. Bertsch, W. Hoffelner 

Zirconium-based alloys (Zircaloy) have been used as cladding material in Light Water Reactors for many 
years. During fabrication, or in in-reactor service, crack-type defects can be formed, posing questions 
regarding mechanical integrity. As claddings change their mechanical properties (mainly toughness) 
during service as a result of irradiation-induced degradation, oxidation and hydride formation, it is 
essential for integrity considerations to provide parameters for the assessment of the influence of flaws on 
rupture behaviour. Usually, fracture-mechanics parameters are employed such as the fracture toughness, 
K,c, or, for high plastic strains, the J-integral, JiC. The applicability of these parameters is, however, limited 
by the dimensions of the samples (e.g. thickness). In claddings with a wall thickness of below 1 mm, 
determination of toughness necessitates an extension of the J-integral concept. A method based on the 
traditional J-approach, but applicable to thin-walled structures, is presented in this paper. 

1 INTRODUCTION 

Zircaloy components are fabricated to be "defect free". 
In practice, however, these components, in common 
with all engineered components, can have defects in 
the form of small cracks. Such cracks can originate 
either during fabrication or during in-reactor service. 
The following questions arise: "How easily will the 
crack propagate?", and "Will the crack compromise 
the safe operation of the component?" Answers to 
such questions falls within the realm of fracture 
mechanics. 

Extensive employment of fracture mechanics to the 
issue of cracking in steel and other high-strength 
alloys has resulted in increased safety in pressure 
vessels, aircraft engines, building structures, and in 
many other commercial and military applications. 
However, in the past, use of fracture-mechanics 
technology to reactor Zircaloy issues has been rather 
limited. This is partly due to a lack of regulatory 
emphasis on cladding failure as a safety issue [1], but 
also to the fact that, as explained below, much of the 
standard fracture-mechanics methodology does not 
apply to standard PWR- and BWR-bundle component 
geometries. Nonetheless, since higher burnup 
increases the probability of the reactor being operated 
with defects present in the materials, and as new 
zirconium alloys are introduced, the use of fracture 
mechanics to predict the behaviour of cracks or 
defects is increasing. Indeed, papers at recent 
international conferences have illustrated fracture 
mechanics techniques for analyzing crack propagation 
in failed Zircaloy tubing [2, 3, 4], and, for many years, 
leak-before-break criteria and critical crack lengths in 
CANDU-type pressure tubes have been analyzed with 
considerable success using fracture-toughness 
methodology [5]. 

The problem for LWR claddings is that the strict 
methodology of Linear-Elastic Fracture Mechanics 
(LEFM) usually does not apply to geometries relevant 
to reactor components (particularly in regard to the 
thickness). In essence, the plastic-zone sizes of 
zirconium alloys are too large; in other words, the 
materials are too soft. In order to satisfy the criteria of 
ASTM Standard E399 for valid K|C determination, the 
thickness of the tested member, B (see Fig.1), must 
satisfy the criterion: 

B > 2.5(KlC/ay)2 

in which ay is the material yield strength at the 
temperature and loading rate of the test. For a roughly 
expected Kic = 55 MPa m1/2, and a yield stress of 600 
MPa for irradiated Zircaloy at 300°C, the component 
or specimen thickness would need to exceed about 
21 mm. This is, of course, many times the thickness of 
the cladding, grid, channel and other components. For 
unirradiated Zircaloy, the required thickness is even 
larger. 

To accommodate soft material, like Zircaloy, another 
approach, called the J-integral method, is frequently 
used. Physically, the J-integral is defined as the 
energy release rate (the dissipation of energy) that is 
calculated by taking a line integral around a path 
enclosing a crack tip. It is strictly valid only for the 
case in which the crack grows in an elastic material. 
Its use, however, has been extended [6,7] to include 
elasto-plastic materials, such as Zircaloy, in which 
considerable plastic deformation can occur. As 
commonly used, "J" is related to the amount of work 
(dissipative energy, both elastic and plastic) per unit 
crack surface area required to extend the crack. 

But, even the less stringent size requirements for the 
applicability of the J-lntegral are not met theoretically 
by thin-walled claddings. In the framework of an 
international collaboration within the EPRI NFIR 
project [8], different laboratories are attempting to find 
a J-type approach to Zircaloy claddings with the aim 
of defining mechanical quantities which allow a 
prediction of the fracture behaviour of Zircaloy 
claddings with different toughness. In analogy to the 
conventional fracture mechanics approach, such 
quantities should be, as far as possible, independent 
of specimen geometry, in order to allow their 
application to components and realistic crack 
geometries to be viable. Consequently, different 
specimen geometries have been analyzed in the 
different laboratories. 

2 EXPERIMENTAL 

The experiments were carried out with samples 
fabricated from the aluminum alloy AI-7050 and cold-
worked (CW) Zircaloy 4. Both materials were supplied 
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by one source (EPRI) in order to produce well-defined 
comparisons. 

Our approach was based on the following criteria: 

• In order to have a well-defined starting point, 
we chose a specimen geometry which is well 
characterized under valid K and J conditions 

• With respect to later testing of service-
exposed cladding material, the geometry 
should also allow easy manipulator handling 

• All testing parameters reported for established 
K and C testing should be measurable. 

Fracture mechanics samples can be of bending-type 
or of tension-type. Typical bending-type samples are 
the CT-specimen and the SEN-bending sample [9]. 
Well-known, tension-type samples are the single- or 
double-edge notched tension (SENT, DENT) samples, 
or the centre-notched panel (CN). Because of the 
reasons mentioned previously, and because of the 
fact that, in the other laboratories, bending-type 
samples were employed, we have chosen a pipe-type 
version of the DENT sample; this is shown in Fig. 1. 
Two machined notches act as starting points for 
fatigue cracks created by cyclic loading. 

^ • a/2 
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• .^"" •crc 

w 
Width W = 12 mm 
Wall Thickness B = 0.6 mm 
Crack Length a = 4 mm at beginning of 

experiment 

Fig. 1: Geometry and typical dimensions of the 
Double-Edge Notched Tension Sample 
(DENT). 

Fig. 2: Gripping section. 

The gripping sections, which are used to apply a 
mechanical load to the sample, are shown in Fig. 2. 

The two segments on the top fit the inner diameter of 
the sample, and can be slipped into it. The grips are 
machined as counterparts to the segments. This 
assembly allows the application of tangentially 
oriented stresses to the cladding sample. 

The testing procedure is similar to standard fracture-
mechanics procedures. The notched sample is 
fatigue-loaded until a fatigue crack starts to grow from 
the root of the notch. This procedure is necessary in 
order to have a well-defined starting point for further 
measurements. The sample is uni-directionally 
stressed thereafter, and the propagation of the crack 
is monitored as a function of load and displacement in 
the load line. 

Fig. 3: Stage of stable crack growth (Zircaloy 4, cold-
worked) at room temperature. The dark parts 
of the cracks represent the starter notch and 
the fatigue pre-crack, respectively. The white 
contours belong to the cracks growing under 
uni-directional loading. 

The different areas become evident from Fig. 3. The 
starter notches and the fatigue cracks both appear 
dark, whereas the cracks propagating under uni-
directional load appear white. The experiments were 
carried out in an electrically driven machine; crack 
length was measured optically. For thin-walled 
samples, such as those used here, this is a valid 
approach, since the crack front propagates rather 
straight, and so the crack length measured at the 
surface correlates well with the crack length in the 
interior of the sample. The displacement in the load 
line is determined optically from the movement of the 
two edges of the starter notch. 

3 EVALUATION OF DATA 

The sequence of Figures 4a-4d illustrates the different 
stages in the development of a crack during stable 
crack-growth conditions. 

Typical load-displacement curves for aluminum and 
Zircaloy are shown in Fig. 5. The scatter of the data 
still requires further investigation. Reasons might be 
the under-estimation of bending moments for the 
stress calculations, and the fact that decreasing 
specimen size usually increases the scatter bands 
because of the relative importance of the behaviour of 
single grains. 

/ / \\ 
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Fig. 4a: Appearance just before starting of stable 
crack growth; only fatigue cracks are visible. 

Fig. 4b: Appearance of cracks just after stable crack 
growth started (white crack contrast). 

Fig. 4c: Appearance of cracks just before final 
rupture. 

Fig. 4d: Appearance of the cladding just after final 
rupture. 

The J-integral is calculated as a super-position of 
elastic and plastic components: 
J = Je + Jp 

The elastic component J is computed from the elastic 
stress intensity Kaccording to 

Je=K2/E' 

in which E' is the Young's modulus for plane stress; 
E' = E(1-v2) for plane strain. 

The stress intensity factor K is related to the stress 
intensity function f(a/W) according to 

p / K = 
/ \ a 

yfltW V W y 

where W is the specimen width (see Fig. 1), t is the 
specimen wall thickness, f(aAA/) is the dimensionless 
stress intensity function, and P is the applied load. 

The plastic J-integral for the DENT specimen is 
evaluated from 

J» = E j l 
2 tb 'If 

in which Up is the area under the plastic part of the 
load deflection curve, b = W-a, 
dimensionless correction factor; JD 

and rip is a 
is calculated 

incrementally taking into account the continuous crack 
growth during loading. 

Load - Displacement Curves 
Comparison Aluminum /Zircaloy 

4'000 

Displacement a [mm] 

Fig. 5: Load-displacement curves for Zircaloy 
claddings; values for aluminum samples with 
the same geometry are shown for 
comparison. 

We have adapted this procedure to our modified 
DENT sample. For different crack lengths, a, the 
corresponding J-values are plotted in Figs. 6 and 7, 
showing an evaluation of tests performed with 
aluminum and Zircaloy, respectively. These so-called 
crack-resistance curves, or J-R curves, can be fitted 
by a power law. The designation Jx refers to the J-
integral determined at a crack propagation of x mm; 
J o . 2 is a well-accepted reference value for comparison 
of different experiments. For reference, J0.i5 and J15 
are also usually indicated; valid, stable crack-growth 
conditions are assumed between these two values. 
The slope of the J-R-curve (often referred to as the 
tearing modulus) provides another measure for the 
toughness behaviour of the material. Low tearing 
modulus corresponds to brittle materials, whereas a 
high tearing modulus usually represents a tough 
material. 
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J-R-curve (Aluminum) 

0.5 1.0 1.5 2.0 

crack extension a a [mm] 

Fig. 6: J-resistance curve determined with modified 
DENT samples at room temperature for 
aluminium. 

J-R-curve (Zircaloy) 

300 

0.5 1.0 1.5 

crack extension a a [mm] 

Fig. 7: J-resistance curve determined with modified 
DENT samples at room temperature for 
Zircaloy. 

4.4 DISCUSSION OF RESULTS 

One of the most interesting questions for any fracture-
mechanics-based approach is the comparability of the 
data gathered with different specimen geometries, 
and under different loading conditions. Only if (within a 
usual scatter band) comparable results are obtained 
for different specimen geometries, is it considered that 
the approach can be applied to actual reactor 
components. Under the conditions of linear elastic 
fracture mechanics, this is relatively straightforward 
because the fracture toughness K|C, if determined 
under valid conditions, gives such a geometry-
independent quantity. For conditions which are 
theoretically outside the validity criteria, it is not a 
simple matter to find such a quantity. 

With respect to thin-walled claddings, the following 
values for the characterization of the toughness are 
used. 

This is the J-value corresponding to the maximum 
load in the load-displacement curve. In our opinion, 
this value depends on the sample geometry, because 
the measured load-displacement response can be 
different for different geometries. 

Kjmax" 

This is a K-value calculated according to the relation 
K = V J -E' , where E'=E for plane-stress conditions, 
and E' = E(1-v2) for plane strain-conditions, valid 
exactly only for linear-elastic conditions. In highly 
plastic situations, any formal link to an elastic 
parameter can give misleading results. 

J 0.2-
This value represents the J-integral at 0.2 mm crack 
extension. It can be regarded as a rather sensitive 
measure for the onset of crack growth, and is 
therefore considered as one possible measure for the 
toughness of thin-walled samples. 

dJ/da: 

The slope of the J-R curve also characterizes the 
toughness of the material, and could be used as an 
additional measure of it. 

J - R curves 
Comparison Aluminum/Zircaloy 

E 300 

1.0 1.5 2.0 2.5 

crack extension a a [mm] 

Fig. 8: J-R-curves for Zircaloy and aluminum at room 
temperature. 

A comparison of Zircaloy and aluminum in terms of J-
R curves is presented in Fig. 8. The behaviour of the 
materials is as expected. The tougher Zircaloy has a 
higher J 0.2 value, as well as a higher tearing modulus. 
A summary of the average values determined is given 
in Table 1. 

Table 1: Summary of the results (average values) for 
Zircaloy and aluminium. 

Aluminum Zircaloy 

J 0.2 34.6 kN/m 75.3 kN/m 
Tearing 
modulus at J 0 . 2 

55 MPa 225 MPa 
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These values compare well with measurements on 
the same materials performed with different 
techniques in other laboratories [8], verifying that it is 
indeed possible to perform fracture mechanics 
analyses of thin-walled cladding alloys. 

5 SUMMARY AND OUTLOOK 

A fracture-mechanics approach for the determination 
of toughness of thin-walled claddings which uses a 
tension-loaded modified DENT sample has been 
developed. Applying well-accepted, J-evaluation 
methods, the determination of J 0 . 2 as a measure for 
the stage of early crack growth has been established. 
Monitoring crack growth and applied load allows the 
determination of J-R curves to be utilized as another 
measure for the toughness of the material. The 
approach is not limited to cladding materials, and can 
clearly also be employed for other piping applications, 
providing a quantitative relationship between a flaw of 
given size (fretting defect, production defect, hydride 
lens, etc.) and tolerable loads, and can therefore be 
linked to safety considerations. Future work is aimed 
at improving the method, and extending its application 
to higher temperatures, other environments and other 
loading conditions (creep, fatigue, etc.). Another 
experimental challenge for the future will be to apply 
the method to service exposed cladding materials 
originating from nuclear power plants, and to 
determine toughness values for differently hydrided 
materials. 
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ANISOTROPIC DIFFUSION IN LAYERED ARGILLACEOUS ROCKS: 
A CASE STUDY WITH OPALINUS CLAY 

L.R. Van Loon, J. Soier, W. Muller, M.H. Bradbury 

Anisotropic diffusion was studied in Opalinus Clay, a potential host rock for the disposal of spent fuel, 
vitrified high-level waste and intermediate-level waste. Diffusion parallel to the bedding was measured 
using a radial through-diffusion technique, while diffusion perpendicular to the bedding was measured 
using the classical (planar) through-diffusion method. The materials used were samples from Mont Terri 
(MT) and Benken (BE), respectively. Diffusion of Tritiated Water (HTO), parallel and perpendicular to the 
bedding, was studied under confining pressures of 7 MPa (MT) and 14 MPa (BE), respectively. The 
effective diffusion coefficient for diffusion parallel to the bedding, De, was found to be 
3.20(±0.26)x10'11 m2s1 and for the Benken 5.39(±0.43)x10'11 m2s1 for the Mont Terri samples. The 
diffusion accessible porosity was ~ 0.15(±0.02) in both cases. For diffusion perpendicular to the bedding, 
the effective diffusion coefficient was 5.44(±0.35)x10'12 m2s1 and 1.37(±0.08)x10'11 m2s1 for the Benken 
and Mont Terri samples, respectively. The diffusion accessible porosity was also ~0.15(±0.02) in both 
cases. These first results indicate that diffusion parallel to bedding is larger than that perpendicular to the 
bedding by a factor of 4 to 6. This might be explained in terms of smaller path lengths (tortuosity) for 
species diffusing parallel to the fabric. 

1 INTRODUCTION 

The diffusion of charged and neutral species in rocks 
depends strongly on their geometric parameters, such 
as tortuosity and constrictivity. Tortuosity takes into 
account path lengthening, because of the particulate 
nature of the porous medium (Shackelford, 1991), 
while constrictivity is concerned with pore narrowing. 
For aqueous-phase diffusion, the relationship between 
the effective diffusion coefficient, De, the geometric 
parameters, and the diffusion coefficient in water, Dw, 
is given by: 

De = 
8-e a 0) 

where S represents the constrictivity, r is the 
tortuosity, and s the diffusion accessible porosity. 

Argillaceous rocks are mainly composed of clay 
platelets that have settled in an aqueous (marine) 
environment to form a mud deposit. Bennett et al. 
(1980) have reported that the clay platelets in marine 
deposits of low porosity are oriented preferentially 
perpendicular to the direction of sedimentation. During 
sedimentation, the grains form "house-of-card" type 
structures, because of the electrostatic repulsion by 
like-charged basal planes, and the attraction by 
oppositely charged edge and basal planes (Fig. 1). 

The solution composition and ionic strength also have 
an effect on the structure (Berner, 1980). After 
deposition, the layers of clay mud are compacted by 
the weight of younger, superimposed sediments 
(overburden pressure), resulting in water being 
squeezed out. During this process, the mutually-
repellant particles are forced closer together, and the 
porosity of the mud decreases. 

Compaction has been reported to increase the 
preferential orientation of clay platelets (von 
Engelhardt & Gaida, 1963; Meade, 1964). Owing to 
this preferentially layered structure of argillaceous 
rocks, tortuosity (path lengthening) is expected to be 

anisotropic, and consequently so is the effective 
diffusion in such rocks (Fig. 2). 

\ 

I 
IHItlHIIH 

sedimentation of clay platelets resulting 
in a house-of-cards structure 

compaction by overburden load leading to 
preferential orientation of clay platelets 

3 : clay platelet 

Fig. 1: Structure of a mud rock during sedimentation 
(house-of-cards structure) and after 
compaction (preferential orientation of clay 
platelets); the orientation of the clay platelets 
after compaction is perpendicular to the 
direction of sedimentation. 

Anisotropic diffusion has been observed in many 
different media; e.g. in crystals, textile fibres and 
polymers, in which the molecules have a preferential 
direction of orientation (Crank, 1975; Seo et al., 1999). 
When a species diffuses parallel to the fabric, 
tortuosity is expected to be smaller than in the former 
case in which diffusion, is perpendicular to the 
bedding (Fig 2). Consequently, the effective diffusion 
rate will be faster. 

So far, in geochemistry, little attention has been paid 
to these potentially anisotropic diffusion properties. 
Systematic studies comparing diffusion perpendicular 
and parallel to the fabric for the same material and for 
different species are, we believe, not available, with 
the exception of one study by De Windt & Palut, 1999, 
who studied the diffusion of HTO and I" through a 
piece of Opalinus Clay perpendicular and parallel to 
the fabric. 
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Diffusion perpendicular to bedding 

Fig. 2: Schematic view of the anisotropy of a layered 
rock (Opalinus Clay, Benken, Switzerland) 
with respect to diffusion. 

Although they observed a larger value for the diffusion 
parallel to the bedding, they could not exclude 
experimental artefacts, so that their results remain 
somewhat in question. Most studies of natural 
argillaceous materials published in the open literature 
are on diffusion properties perpendicular to the 
bedding (Bourke etal., 1993; Put et al., 1998; Melkior, 
2000). One of the main reasons for this is a lack of 
appropriate techniques for studying diffusion parallel 
to the bedding. 

In this work, diffusion of HTO was studied 
perpendicular and parallel to the bedding of Opalinus 
Clay (OPA): a layered, argillaceous rock. For diffusion 
parallel to the bedding, we used a radial through-
diffusion technique recently developed by Van Loon et 
al. (2002), and for diffusion perpendicular to the 
bedding, a one-dimensional, through-diffusion 
method, as described in Van Loon et al. (2003), is 
used. The experimental set-up is so arranged that the 
pressure applied to the samples is always 
perpendicular to the bedding, and the diffusion either 
parallel or perpendicular to it, which is relevant for 
performance assessment, and represents the most 
common situation in natural systems. 

2 MATERIALS AND METHODS 

2.1 Radial diffusion 

Equipment 

A view of the radial through-diffusion cell is given in 
Fig. 3. A similar concept was used earlier by van der 
Kamp et al. (1996) for determining isotopic 

composition, chemistry and effective porosities for 
groundwater in aquitards, and by Novakowski & van 
der Kamp (1996) for determining effective diffusion 
coefficients, porosity and adsorption from in-diffusion 
experiments in porous geological materials. A 
concentration gradient is set up across the sample in 
such a way that diffusion takes place from the centre 
of the sample (high concentration region) to the outer 
boundary (low concentration region). Because the 
layering of the sample is parallel to the concentration 
gradient, diffusion will take place along the layering. A 
more detailed description of the cell is given in Van 
Loon etal. (2002). 

Theory of radial diffusion 

Consider a hollow cylindrical sample of height h, with 
an internal radius rint, and an external radius rext. The 
concept behind the experiments is the same as in 
one-dimensional diffusion experiments (Cho et al., 
1993), except for the fact that the high-concentration 
reservoir is the central cavity of the cylinder (from r=0 
to r=rint), and that breakthrough of the tracer occurs 
across the entire external surface (r=rext)- As a 
consequence, the diffusion process has cylindrical 
symmetry. 

10 cm 

Fig. 3: Cross-section of view of the radial through-
diffusion cell. 

The diffusion equation is given by: 

a c 

dt ~~ 
1_d_ 

r dr 
n d C 

v a d r y 

(2) 

where Da is the apparent diffusion coefficient, and C is 
the concentration of a given tracer in the rock. The 
initial and boundary conditions are as follows: 
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C(rint<r<rext,t=0)=0 
C(0 < r < rjnt,t > 0) = C0 

C(r > rext,t>0)=0 

and the tracer flow (mol-s"1 or Bq-s"1) at the external 
surface of the cylinder is equal to: 

-2nhDc 
dr 

(3) 

The analytical solution of the cylindrical through-
diffusion problem is given by (Crank, 1975, p.84; 
Eqn. 5.64): 

Q(rext,t)_ 2(Dat-L) 

' I 
n=1 

nC0ah ln(rext/rint) 

Jo (rintan )J() (rextan )exp(-Daa2
nt) 

an ( 4 ( rintan )~(Jo( rextan )) 
(4) 

where Q(rext,t) is the total amount [in mol] or activity 
[in Bq] of tracer which has diffused through the 
sample at time t. The parameter L [m2] in Eqn. 4 is 
given by: 

. rM ~rext + (rht + rext) ^n(rext ? rint) 
4ln(rext/rint) 

(5) 

The J0(x) terms are Bessel functions of the first kind of 
order zero, and the an terms are the positive roots of: 

m ^ n ) =Jo( rintan )Y0 (rextan )~Jo( rextan )Y0 ( rintan ) 
= 0. 

(6) 

and the Y0(x) terms are Bessel functions of the 
second kind of order zero. The first five positive roots 
rintan of Eqn. 6 for different ratios reyt/rint, are tabulated 
by Crank (Table 5.3, p. 380, 1975). 

At steady-state, the solution (4) reduces to: 

0(rext,t)=l (Det-aL). (7) 

Hence the total amount of tracer diffused through the 
sample becomes a linear function of time: 

Q(rext,t)=a-t-b, (8) 

with: 
2nC0hDe 

ln(rext/rint) 
and b •• 

2nC0haL 
' ln(rext/rint)' 

The concentration profile of the tracer in the rock at 
steady-state is logarithmic: 

Cr—Cn I -

InlinL 
r 

InlinL 
rext J 

(9) 

and this relation also satisfies the boundary 
conditions. 

A typical concentration profile at steady-state, as 
described by Eqn. 9, is depicted in Fig. 4. 

pressure mmmu 
c = c 

c = o 

Fig. 4: Concentration distribution in a radial diffusion 
experiment in the steady-state phase. 

2.2 Planar (one-dimensional) diffusion 

Equipment 

A schematic view of the planar through-diffusion cell is 
given in Fig. 5, and a more detailed description is 
given in Van Loon et al. (2003). A concentration 
gradient is set up across the sample in such a way 
that diffusion takes place from the high concentration 
side to the opposite boundary (low concentration 
side). Because the layering of the sample is normal to 
the concentration gradient, diffusion will take place 
perpendicular to the layering. 

Theory of planar diffusion 

For a one-dimensional diffusion process through a 
plane of thickness D, the flux, J [mol-m"2s"1], is given 
by Fick's first law: 

ac 
(10) 

For the temporal evolution of the concentration, C, 
Fick's second law is applied: 

3£ d2C 

where Da is the apparent diffusion coefficient: 

(11) 
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a 
(12) 

and a represents the capacity factor, defined as: 

oc=e+p K d (13) 

where Kd is the distribution coefficient [m3-kg_1], and p 
the bulk dry density of the rock [kg-m"3]. 

For non-sorbing tracers (Kd=0), the rock capacity 
factor is just the porosity, which can be deduced 
directly from the intercept. For Kd>0, the porosity can 
be deduced from Eqn. (13). 

d 

Co 

t 
a 

the sample thickness [m] 
the concentration of the radionuclide in the 
reservoir cell [Bq-m"3] 
time [s] 
the rock capacity factor 

Equation 14 gives the cumulative mass or activity of a 
tracer in the low-concentration reservoir, Q(d,t), as a 
function of time. As time increases, the exponential 
term asymptotes to zero and the Equation reduces to: 

Q(d,t) = SdC0 
Det a 

(15) 

± 
h n 
ii n 
ii n 
ii ii 
ii ii 

J L m h J L 
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d) 

• Tubing 

• Swagelok fitting 

Disc spring package 

End plate 

• O-ring 
• Screw 
• Sample 

• Stainless steel filter 

Sample holder 

£8= 
Load sensor 

Fig. 5: Cross-sectional view of the PSI high-pressure 
diffusion cell for diffusion perpendicular to the 
bedding (planar diffusion). 

As defined earlier, De is the effective diffusion 
coefficient, and is related to the diffusion coefficient in 
free bulk water by virtue of Eqn. 1. 

The boundary and initial conditions of the through-
diffusion problem are given by: 

C(x,t)=0, xe [0,c/], 

C(x=0,t>0) = C0 

C(x =d,t>0) = C0. 

An analytical solution to the through-diffusion problem 
may be obtained by solving Eqn. 11, with the initial 
and boundary conditions given above (Crank, 1975; 
Jakob eta!., 1999): 

Q(d,t)=SdC0 • 

d2 * n2 h n2 P \ 

where: 

De-n2-n2-t\ 

d2 a I 

(14) 

Thus, when the diffusion process is in the steady-state 
phase, the total diffused mass is a linear function of 
time: 

Q(d,t) = mt-p (16) 

where m = 
S C0 De . S d CQ a 2 — - and p = 2—, 

S = the cross-sectional area of the sample [m2] 

Sample origin and sample preparation 

The samples used for the measurements were of 
Opalinus clay, taken from the Mont Terri Underground 
Rock Laboratory (Canton Jura), and from the deep 
borehole in Benken (Canton Zurich) in the northern 
part of Switzerland. The OPA was deposited about 
180 million years ago as a marine sediment consisting 
of fine mud particles. It has a thickness of -100 m, 
and contains between 40% and 80% clay minerals, 
10% of which are capable of swelling (Gautschi, 
1997). A bore core, either from Mont Terri or from 
Benken, was placed in a Plexiglas™ cylinder, and 
embedded in an epoxy resin (Epofix™, Struers 
GmbH). After the hardening of the resin, the cylinder 
was placed on a lathe, and a cylindrical sample 
(parallel: rext=25.4mm, rint=6.35mm, h=52mm; 
perpendicular: rext=12.7mm, d=11mm) was prepared. 

Experimental set-up 

The experimental set-up of the diffusion experiments 
is shown schematically in Fig. 6, and comprises a 
diffusion cell, as described above, an 8-channel 
peristaltic pump (IPC, Ismatec, Idex corporation, 
USA), and 250 cm3 and 25 cm3 containers. The 
sample was placed in the sample holder, together with 
two stainless-steel filters (discs or cylinders), and the 
cells were then closed with two end plates. The bolts 
were first greased with a MoS2 screw paste, and then 
tightened until the desired load was obtained (MT: 
7 MPa; BE: 14 MPa). The confining pressure 
simulates the in-situ overburden. The large container 
was filled with 200 cm3 of artificial OPA pore water, 
and the small one with 20 cm3. 
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High concentration 
reservoir (250 ml) 

Fig. 6: Schematic view of the experimental set-up of the radial through-diffusion experiment 

Table 1: Composition of the synthetic OPA pore 
waters used in the diffusion experiments. 

Element 1Mont Terri 
(mol-dm"3) 

2Benken 
(mol-dm"3) 

Na 2.40-10"1 1.50-10"1 

K 1.61-10"3 4.31-10"3 

Mg 1.69-10"2 5.21-10"3 

Ca 2.58-10"2 7.24-10"3 

Sr 5.05-10"4 3.97-10"4 

CI 3.00-10"1 1.60-10"1 

S04 1.41-10"2 1.00-10"2 

CO3/HCO3 4.76-10"4 3.11-10"4 

PH 7.6 7.9 

Sum cations 3.28-10"1 eq/l 1.80-10"1 eq/l 

Sum anions 3.28-10"1 eq/l 1.80-10"1 eq/l 

Ionic strength 0.39 M 0.20 M 
1 Pearson Type A1 (Pearson, 1998) 
2 Pearson (2000) 

The composition of the artificial pore water is given in 
Table 1. The samples were re-saturated by circulating 
the OPA pore water against both surfaces of the 
sample for 2 weeks; this time was found to be 
sufficient to reach re-saturation. Subsequently, the 
solutions were replaced by fresh ones, the solution in 
the large container was labelled HTO, and through-
diffusion was started (Series 1). The activity of HTO 
was 1.0-106 Bq-dm"3. 

The solutions in the small containers were replaced 
after a given time interval At to keep the activity of the 
tracer in the compartment as low as possible: i.e. <1% 
of the concentration in the high concentration 
compartment. The activity of HTO in solution was 
measured by Liquid Scintillation Counting, as 
described in Van Loon etal. (2003). 

After completion of a through-diffusion experiment, the 
solutions in both containers were replaced by artificial 
pore water without tracer, and out-diffusion was 
started. At selected time intervals, the activity in the 
solutions was measured, and then the solutions 
replaced by fresh ones. This procedure was repeated 
until all the activity in the sample had diffused out. 
After out-diffusion, the solution in the large container 
was replaced by an OPA solution containing HTO 
(1.0-106 Bq-dm"3), and through-diffusion was repeated 
on the same samples (Series 2). 

3 RESULTS AND DISCUSSION 

Figure 7 (A-D) shows the flux and total diffused 
activity for the through-diffusion of HTO parallel and 
perpendicular to the bedding in the two samples 
(Series 1). The curves clearly show two stages: a 
transient phase, in which the flux increases, and a 
steady-state phase, in which the flux is constant, and 
where the total diffused activity increases linearly with 
time. 

Unlike the cumulative plot, the flux clearly shows 
when the system is in steady-state. The latter phase 
was used to deduce a value for the effective diffusion 
coefficient for the tracer, and the porosity accessible 
to the tracer. The slope of the curve (Qt vs time) gives 
the effective diffusion coefficient, by applying Eqn. 7 
for diffusion parallel to the bedding, and Eqn. 15 for 
diffusion perpendicular to the bedding. The porosity 
can be calculated from the intercept of an asymptote 
extrapolated from the steady-state region of the curve 
to the Y-axis. The concentration of HTO at the high-
concentration boundary decreased slightly (<10%) 
during the experiment, so that the chosen up-stream 
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boundary, as specified, can be applied in the analysis 
of the breakthrough curves. The quality of the 
parameters (De and a ) was tested by using them as 
input parameters for the analytical solutions (Eqn. 4 
for parallel diffusion, or Eqn. 14 for perpendicular 
diffusion) and calculating the entire diffusion curve, 
J(rext,t) or J(d,t), as a function of time. In all cases, it 
was possible to reproduce the increased flux data 
(solid flux-curves in Fig. 7). An overview of the 
preliminary results for HTO is given in Table 2. 

It can be seen from the data from Series 1 and 
Series 2 that the diffusion measurements are 
reproducible. Compared with values for diffusion 
perpendicular to the bedding, the effective diffusion 
coefficients for diffusion parallel to the bedding are 
larger by a factor between 4, for the Mont Terri 
samples, and 6, for Benken samples. The larger value 
for the Benken samples indicates a greater degree of 
preferential orientation of the platelets, which might be 
due to the higher overburden pressure (Meade, 1964). 

Table 2: Values for the effective diffusion coefficients and diffusion accessible porosities for the 
diffusion of HTO into Opalinus Clay parallel and perpendicular to the bedding. 

Sample De (parallel) a (parallel) 
(m2-s1) 

De (perpend.) 
(m2-s1) 

a (perpend.) 

Benken No. 1 

Benken No. 2 

Mont Terri No. 1 

Mont Terri No. 2 

3.10(±0.25)x10"11 0.15±0.02 

3.20(±0.23)x10 -11 

5.39(±0.43)x10"11 0.15±0.03 

5.42(±0.38)x10 -11 

5.44(±0.35)x10 ,-12 

0.13±0.02 5.41(±0.35)x10" 

1.41 (±0.09)x10 ,-11 

0.17±0.02 1.37(±0.08)x10 , - i i 

0.14±0.02 

0.13±0.02 

0.17±0.02 

0.14±0.02 
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Fig. 7: Fluxes and total diffused mass of HTO through Opalinus Clay (Series 1) for diffusion parallel to the bedding 
(A: Benken, C: Mont Terri), and perpendicular to the bedding (B: Benken, D; Mont Terri). The solid curves 
for the fluxes were calculated using the analytical solutions (Eqn. 4 or Eqn. 14, for diffusion parallel or 
perpendicular to the bedding, respectively), together with the parameters specified in Table 2. The shaded 
areas represent the uncertainties to the calculated curves. 
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Because HTO is a non-sorbing tracer (Kd=0) the rock 
capacity factor, a, equals the diffusion accessible 
porosity, 8. The values for the porosity, e, are similar in 
both samples. Because Dm e and 8 are independent 
of the direction of diffusion, the different De values 
must be due to differences in the tortuosity. The path 
lengthening (tortuosity) is smaller in the direction 
parallel to the bedding, so that De is expected to be 
larger for diffusion parallel to the bedding (Eqn. 1), as 
has been found experimentally. 

A more detailed explanation for the factor 4 to 6 
cannot yet be given. However, for porous media with 
pores smaller than the dimension of the clay particles, 
the ratio of the particle length to the particle width 
seems to play a central role, as shown in a very 
simplified sketch of the microstructure of a layered 
argillaceous rock (Fig. 8). 

n layers of thickness r and length s 

s 

I I I i l l 1 1 Ir 
1 

r ill 1 1 1 1 1 

i IE i l l 1 1 1 

i i l l I I i 1 1 

i 1 1 i l l 11 i 

i 1 1 i l l 11 i 

i 1 1 i j l 11 i 
• 

_ : pathway is d 

— : pathway is d + (n-1) x s/2 

Fig. 8: Simplified representation of the microstructure 
of a layered argillaceous rock. 

To test this hypothesis, the length/width ratios of the 
grains have to be measured for different rocks, and 
these data related to effective diffusion data (i.e. De 
parallel and perpendicular to the fabric). 

4 SUMMARY AND CONCLUSIONS 

One-dimensional radial and planar through-diffusion 
techniques have been used for measuring the 
effective diffusion coefficients parallel and 
perpendicular to the fabric of a layered rock under a 
confining pressure applied perpendicular to the 
bedding. The methods could be successfully applied 
to measure the effective diffusion coefficients of HTO 
in an argillaceous rock (OPA). Preliminary results 
clearly demonstrate that diffusion in Opalinus Clay is 
anisotropic. This is due to differences in the values for 
the tortuosity parallel and perpendicular to the 
bedding. Diffusion parallel to the bedding is larger by 
a factor of 4 to 6 than diffusion perpendicular to the 
bedding. The values for the diffusion accessible 
porosities, however, are comparable. 

The evaluation of the out-diffusion results of HTO is 
currently ongoing, and will be presented in a 
forthcoming publication. Similar experiments with 

anionic (36CI", 125l") and cationic (22Na+) tracers are 
planned. 
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UPTAKE OF TRIVALENT ACTINIDES (Cm(lll)) AND LANTHANIDES (Eu(lll)) BY 
CEMENT-TYPE MINERALS: A WET CHEMISTRY AND TIME-RESOLVED LASER 

FLUORESCENCE SPECTROSCOPY (TRLFS) STUDY 

J. Tits, T. Stump?, E. Wieland, T. Fanghanel1 

1 Forschungszentrum Karlsruhe, Institut fur Nukleare Entsorgung, Karlsruhe, Germany 

The interaction of the two chemical homologues Cm (III) and Eu(lll) with calcium silicate hydrates at pH 
13.3 has been investigated in batch-type sorption studies using Eu(lll), and complemented with time-
resolved laser fluorescence spectroscopy using Cm(lll). The sorption data for Eu(lll) reveal fast sorption 
kinetics, and a strong uptake by CSH phases, with distribution ratios of 6(±3)-10 L kg1. Three different 
types of sorbed Cm(lll) species have been identified: a non-fiuorescing species, which was identified as 
Cm cluster present either as surface precipitate or as Cm(lll) colloid in solution, and two sorbed 
fluorescing species. The sorbed fluorescing species have characteristic emission spectra (main peak 
maxima at 618.9 nm and 620.9 nm) and fluorescence emission lifetimes (289 ± 11 jus and 1482 ±200 jus). 
From the fluorescence lifetimes, it appears that the two fluorescing Cm(lll) species have, respectively, one 
to two or no water molecules left in their first coordination sphere, suggesting that these species are 
incorporated into the CSH structure. A structural model for Cm(lll) and Eu(lll) incorporation into CSH 
phases is proposed based on the substitution of Ca at two different types of sites in the CSH structure. 

1 INTRODUCTION 

Cementitious materials are commonly used world-
wide for the immobilisation of radioactive waste. In a 
nuclear waste repository, the immobilisation of 
radionuclides by cementitious materials takes place 
both in the waste containers and in the construction 
materials, such as backfill, liners, etc. A mechanistic 
understanding of the chemical processes by which 
waste elements become immobilised in cement-based 
matrices is important for long-term predictions of the 
performance of disposal sites for hazardous waste, 
and repositories for radioactive waste. 

Hardened cement paste (HCP) is a complex mixture 
of different phases [1]. The immobilisation potential of 
HCP originates from the selective binding properties 
of these phases for metal cation and anion 
compounds. Calcium aluminates and calcium silicate 
hydrates (CSH phases) are considered to be among 
the most important phases governing immobilisation 
processes, because of their abundance and the 
presence of appropriate structures for cation and 
anion binding (e.g. [2,3]). At the present time, 
however, the understanding of uptake processes on a 
microscopic level, and the thermodynamic description 
of these processes, is still insufficient. 

The chemical conditions in a cementitious 
environment are controlled by the interaction of the 
HCP with the groundwater. The first phase of the HCP 
degradation is characterised by the dissolution of the 
alkali oxides in the cement, resulting in a pH of 
approximately 13.3, and Na and K concentrations of 
approximately 0.11 M and 0.18 M, respectively [4]. 

The objective of the present study is to investigate the 
interaction of Cm(lll), a representative of the trivalent 
actinides, and Eu(lll), a chemical homologue for the 
trivalent actinides, with CSH phases under conditions 
relevant to a cementitious repository for radioactive 
waste by combining macroscopic information from 
batch sorption experiments and molecular level 

spectroscopic information using Time-Resolved Laser 
Fluorescence Spectroscopy. TRLFS has proved to be 
a versatile tool for Cm(lll) speciation studies [5,6], and 
for sorption studies on various solids [7]. It is capable 
of identifying different species as well as determining 
their hydration status, thus allowing outer-sphere and 
inner-sphere surface complexes and species 
incorporated in the crystal lattice of the solid to be 
distinguished. 

2 EXPERIMENTAL 

2.1 Materials 

All experiments were performed in an artificial cement 
pore water (ACW) simulating the chemical conditions 
during the first phase of the HCP degradation. The 
ACW contained 0.18 M KOH and 0.114 M NaOH, and 
had a pH of 13.3. The Ca and Si concentrations in this 
pore water were fixed at levels such that the solution 
was in equilibrium with the CSH phase. 

CSH phases were prepared using the so-called "direct 
reaction" method [8] in a glove box under N2 
atmosphere. AEROSIL 300 (Si02) was mixed with 
CaO in polyethylene centrifuge tubes to give a target 
Ca/Si weight ratio (C:S) of 1.0. To this, ACW was 
added to obtain a solid to liquid (S:L) ratio of 24 g L"1. 
After an ageing period of 4 weeks, the slurries were 
filtered through Whatman ashless 541-grade filter 
paper using a Buchner funnel with vacuum pump. The 
supernatant solution was analysed to obtain the Na, 
K, Ca and Si concentrations. The solid material was 
then re-suspended in fresh ACW, and equilibrated for 
a further week. The filtration and re-suspension 
procedures were repeated until the Na and K 
concentrations in the filtrate were identical to their 
respective concentrations in fresh ACW; one cycle 
was usually sufficient. In preparation of the drying 
step, the slurries were then washed with Milli-Q water 
to remove the remaining NaOH and KOH. The contact 
time of the slurries with Milli-Q water was kept as 
short as possible, i.e. less than 1 minute, to minimize 
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changes in composition. The CSH phases were dried 
to constant weight in a dessicator over a solution of 
saturated CaCI2, which maintains a relative humidity 
of 30%. Moreover, the procedure also prevented the 
CSH phases from becoming statically charged, which 
made handling of the material easier. 

2.2 Methods 

2.2.1 Batch sorption experiments 

Sorption kinetic data and sorption isotherms for Eu(lll) 
were obtained using the batch technique. All 
experiments were carried out at 25±1°C in glove 
boxes under N2 atmosphere. CSH suspensions were 
prepared by mixing a quantity of fresh CSH from the 
dessicator with 1 L of synthetic CSH solution. (The 
composition of this solution is based upon the 
chemical analysis of the last filtrate obtained during 
the synthesis of the CSH phase.) Then, 40 ml_ of the 
pre-equilibrated suspensions were transferred to 
centrifuge tubes, and an aliquot of an acidic 152Eu 
tracer solution was added. The suspensions were 
then equilibrated on an end-over-end shaker for a 
given period of time, depending on the type of 
experiment. Experiments were performed in duplicate 
or triplicate. Phase separation was carried out by 
centrifugation (1 hour at 95000g). The concentrations 
of the radionuclides in both the suspension and the 
equilibrium solution were assayed with a Canberra 
Packard Tri-Carb 2250CA liquid scintillation counter 
using an energy window between 6 keV and 70 keV. 

The sorption data are presented in terms of a 
distribution ratio, Rd (L kg"1), which relates the quantity 
of radionuclide sorbed (mol kg"1) to the equilibrium 
radionuclide concentration in solution (M). The 
difference in concentration between the total activity in 
the suspension and the activity in the supernatant 
solution after centrifugation was taken as a measure 
of the tracer activity on the solid. In this manner, 
artefacts due to wall sorption effects were avoided. 

2.2.2 Time-Resolved Laser Fluorescence 
Spectroscopy (TRLFS) 

Lanthanides and actinides with partially filled f-shells 
absorb radiation at ultraviolet or visible (UV/VIS) 
wavelengths of the electromagnetic spectrum, due to 
the excitation of electrons within their f-shells [9]. 
These parity-forbidden transitions are rather weak in 
intensity (molar absorptivity < 10 L mol"1 cm"1 for 
lanthanides, and < 500 L mol"1 cm"1 for actinides). 
Thus, for studies under high pH conditions, in which 
metal concentrations are usually below 10"7 M, the 
sensitivity of classical UV/VIS absorption 
spectroscopy is not sufficient. Fluorescence 
spectroscopy, with excitation in the UV/VIS region, 
provides information similar to UV/VIS absorption 
spectroscopy. The application of the monochromatic 
light of high power lasers for excitation, combined with 
sensitive photon-counting detectors, allows studies to 
be made of the speciation of lanthanides and 
actinides present at the sub-micro-molar 
concentration range. 

With TRLFS, spectroscopic information is obtained 
from excitation spectra, emission spectra and lifetime 
measurements [10]. Excitation spectra are obtained 
from scanning the excitation wavelength, and 
recording the emission within a fixed wavelength 
range. Emission spectra result from scanning the 
emission wavelength at a fixed excitation wavelength. 
The great advantage of TRLFS is the possibility of 
measuring the lifetime of the exited states. This 
information can be used to discern energy transfer 
mechanisms during de-excitation. De-excitation 
occurs through radiative and non-radiative processes. 
In aqueous media, non-radiative processes contribute 
significantly to the decay rate, resulting in shorter 
lifetimes of the excited state and lower fluorescence 
intensity. The non-radiative decay is mainly caused by 
energy transfer from an excited f-state to highly 
excited vibronic states of the H 20 molecules in the 
first coordination sphere around the lanthanide or 
actinide ion. The significance of this non-radiative 
decay depends on the ratio, R, of the energy gap 
between the emitting state and the next lower, non-
fluorescent state, and on the vibrational quantum 
energy. If this ratio is high, then the probability for 
radiationless decay will be low, and the fluorescence 
intensity and fluorescence lifetime will be high. 

This ratio, R, determines to a large extent the 
applicability of TRLFS to different lanthanides and 
actinides in aqueous media. In the case of Cm(lll) and 
Eu(lll), the energy gap amounts to approximately 
17 000 cm"1 and 12 000 cm"1, respectively, resulting in 
fluorescence lifetimes in the jus range. In the case of 
Am(lll), however, the energy gap only amounts to 
5000 cm"1, giving rise to a lifetime below 40 ns, and a 
much lower quantum yield [9]. 
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Fig. 1: Simplified energy levels of Cm(lll) and 
spectroscopic characteristics, modified from a 
diagram of Beitz [11]. 

A simplified schematic of Cm(lll) energy levels, 
including the most important excitation and emission 
states [11], is shown in Fig. 1. The excitation of the 5f7 

configuration occurs via the three most intensive 
absorption bands: at 396.0 nm (absorption coefficient, 
8 = 55.3 L mol"1 cm"1), 381.3 nm (e = 32.6 L mol"1 cm"1) 
or 375.5 nm (e = 29.3 L mol"1 cm"1) in the F, G and H 
states. In aqueous solution at room temperature, 
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fluorescence emission is only observed from the A-
state to the ground state, Z, and results in a simple 
emission band with a maximum at 593.8 nm 
(FWHM=8.3 nm). The decay from the excited A-state 
to the ground state follows a mono-exponential law. 
The fluorescence lifetime for aqueous Cm(lll) is found 
to be 65 jus. 

In this study, TRLFS measurements were performed 
using a flash-lamp-pumped Ti:sapphire laser (Elight, 
Titania). The laser pulse energy, at most 4 mJ, was 
controlled by a photodiode. The fluorescence 
emission was detected by an optical multi-channel 
analyser, which allows simultaneous detection of the 
whole emission spectrum. The system consists of a 
monochromator and spectrograph (Oriel; MS 257) 
with a 300 or 1200 lines/mm grating, and a ICCD 
camera (Andor). The excitation occurred at 395 nm, 
and the emission spectra of Cm(lll) were recorded in 
the 520-680 nm (300 lines/mm grating; lifetime 
measurements) and 580-620 nm (1200 lines/mm 
grating; high resolution spectra for peak 
deconvolution) ranges using a constant time window 
of 1 ms. For measuring the time dependent emission 
decay, the delay time between laser pulse and 
camera gating was scanned with time intervals 
between 10 and 50 jus. 

For the TRLFS investigations of the Cm(lll) sorption 
on CSH phases, CSH suspensions were prepared as 
described above. An aliquot of an acidic 48Cm tracer 
solution was added to the CSH suspensions to obtain 
a total 248Cm concentration of 10" M. The 
suspensions were then equilibrated for a given period 
of time, depending on the type of experiment; the 
samples were shaken periodically during equilibration. 
At chosen time intervals, Cm(lll) emission spectra 
were recorded. 

3 RESULTS 

3.1 Batch sorption experiments 

Eu(lll) sorption kinetics were studied at S:L ratios of 
3.8-10"4 kg L"1 and 5.4-10"3 kg L"1, and a total Eu(lll) 
concentration of 2-10"9 M. The sorption kinetics were 
fast: sorption equilibrium was reached within one day, 
and the Rd values were found to remain constant over 
a time period of 90 days. Moreover, very high 
distribution ratios (Rd = 6(±3)-105 Lkg-1) were 
determined. 

An Eu(lll) sorption isotherm was determined at an S:L 
ratio of 5-10"4 kg L"1, and an equilibration time of one 
week. The total Eu(lll) concentration in the 
experiments was varied between 10"10 M and 7-10"7 

M. The data are shown in Fig. 2. The isotherm was 
found to be linear over the entire concentration range 
of interest (slope = 1.05±0.06). 

The high uncertainty in the measured Rd values may 
originate from the extremely strong sorption of Eu(lll) 
on the CSH phases, and therefore incomplete phase 
separation: e.g. colloidal material remaining in 
solution, or which are re-suspended after 

centrifugation by accidental shaking, may have a 
significant effect on the measured concentration in the 
supernatant. 

Fig. 2: Eu(llh sorption isotherm; the S:L ratio was 
5-10" kg L"1, and the equilibration time was 
one week. 

3.2 Spectroscopic characterisation of Cm(lll) in 
CSH suspensions in ACW at pH 13.3 

Selected fluorescence emission spectra of Cm(lll) 
(10"7 M) in a CSH suspension (5-10" kg L"1) measured 
at different contact times are shown in 

Fig. 3. Two different peak maxima at -606.0 nm and 
-620 nm appear in the spectra. Similar spectra were 
observed for 10"7 M Cm(lll) with a different S:L ratio of 
5-10"4 kg L"1 CSH suspension. The intensity of the 
Cm(lll) fluorescence emission spectra increased with 
increasing contact time between the Cm(lll) and CSH 
phases. 

Wavelength (nm) 

Fig. 3: Fluorescence emission spectra of 10"7M 
Cm(lll) in CSH suspension (0.05 g L"1) 
measured at different Cm(lll)/CSH contact 
times. 

In all spectra, a peak with a maximum at -606.0 nm 
was observed. Its position and intensity ratio with 
respect to the main peak did not change with 
increasing Cm(lll)/CSH contact time. Note that this 
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peak was not observed in spectra of the same system 
obtained at 20 K. Therefore, it was concluded that this 
peak is the result of visible transitions of thermally 
occupied states at room temperature, and has no 
chemical relevance. 

the individual species from the composite 
fluorescence emission spectra. Again, two differently 
fluorescing Cm(lll) species sorbed on CSH were 
found, with maxima at 618.9 nm (F1) and 620.9 nm 
(F2), respectively. 
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Fig. 4: Fluorescence emission spectra of the 
fluorescing Cm(lll) sorbed species F1 and F2 
as derived by peak deconvolution; the spectra 
were scaled to the same peak area. 

In order to determine the number of Cm(lll) species, 
and quantify their concentrations, the set of spectra 
was submitted to a factor analysis based on an 
eigenvector analysis using the procedure described 
by Rossberg [12]. Two different fluorescing Cm(lll) 
species were identified (Fig. 4), with peak maxima at 
618.9 nm (F1) and 620.9 nm (F2). The batch sorption 
experiments with Eu(lll) indicate that under the given 
experimental conditions more than 99% of the Cm(lll) 
is sorbed on the CSH phases. Hence the two Cm(lll) 
species identified with TRLFS must be sorbed 
species. 

The fluorescence lifetime provides information on the 
composition of the first coordination sphere of the 
fluorescing species. According to the method 
developed by Horrocks Jr. & Sudnick [13] for Eu(lll), 
and later applied to Cm(lll) by Kimura & Choppin [14], 
the following linear correlation between the decay rate 
and the number of H 20 molecules in the first 
coordination sphere applies: 

n(H2Q) = 0.65kobs - 0.88 (1) 

in which n(H20) is the number of coordinated water 
molecules, and kobs is the reciprocal lifetime of the 
excited state [ms"1j. 

Cm(H20)9
3+ has a lifetime of 68 ± 3 \is [15]. When no 

water molecules are coordinated, the lifetime 
increases to 1250 ± 80 jus. 

Figure 5 shows selected normalized fluorescence 
emission spectra of a Cm(lll)/CSH sample (10" M 
Cm(lll) and 5-10"4 kg L"1 CSH), measured after a 
contact time of 58 days at different delay times. With 
increasing delay time, the peak, with a maximum at 
-620 nm, exhibits a red shift from 619.6 nm to 620.9 
nm. A peak deconvolution was carried out to separate 
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1 0 " 7 M Fluorescence emission spectra 
Cm(lll) in a CSH suspension (0.5 g L"1) after a 
Cm(lll)/CSH contact time of 58 days at 
different delay times; the spectra were scaled 
to the same peak area. 

In Fig. 6, the Cm(lll) fluorescence emission intensity 
(on a logarithmic scale) is shown as a function of the 
delay time after a Cm(lll)/CSH contact time of 60 days 
(10 M Cm(lll) and 5-10"5 kg L"1 CSH). The decay 
behaviour follows a bi-exponential decay law. The 
lifetimes of F1 and F2 were determined to be t = 289 
± 1 1 |as and t = 1482 ± 200 |as, respectively. 
According to Eq. 1, a lifetime of 298 + 11 |js 
corresponds to 1.4 water molecules in the first 
coordination shell of the Cm(lll) F1 complex. A lifetime 
of 1482 + 200 \is indicates the total loss of the 
hydration sphere of the Cm(lll) F2 complex. 
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Fig. 6: Time dependency of emission decay of 10"7 M 
Cm(lll) in a CSH suspension (0.05 g L"1) after 
a Cm(lll)/CSH contact time of 60 days; the bi-
exponential decay behaviour should be noted. 
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4 DISCUSSION 

4.1 Time-dependent fluorescence intensity of 
Cm(lll) in CSH suspensions 

At the beginning of the sorption kinetic experiments, 
no fluorescence signal could be detected. With time, 
an increasing fluorescence intensity was observed. 
The absence of a fluorescence signal is attributed to 
concentration quenching due to clustering of the 
Cm(lll) ions. This clustering can occur via the 
formation of separate Cm(OH)3 colloids, or via the 
formation of Cm(lll) clusters on the CSH surfaces 
(surface precipitation). 

4.2 Identification of the different sorption sites 

The sorption of Eu(lll) and Cm(lll) on CSH phases 
under high pH conditions is characterised by 
extremely high sorption values. This was already 
indicated in an earlier study [16]. 

The fast sorption kinetics and the linear sorption 
behaviour suggest an adsorption-like process for 
Eu(lll), involving only one sorbed species and a single 
sorption site. The information obtained from TRLFS, 
on the other hand, is interpreted in terms of three 
different Cm(lll) species: non-fluorescing Cm(lll) 
clusters, which form very quickly, and two fluorescing 
sorbed species with, respectively, 1 or 2 and no H20 
molecules in their first coordination sphere. The 
apparent discrepancy between these two 
observations is most probably due to the high 
uncertainties of the batch sorption data. Note that the 
overall uncertainties on the sorption kinetics data and 
the sorption isotherm presented in Fig. 2 are almost 
one order of magnitude. Thus, small changes in the 
affinity for the sorbing cation between the different 
sorption sites may then no longer be detectable. 

The low number of H20 molecules in the first 
coordination spheres of the sorbed species F1 and F2 
indicate that both species must be incorporated into 
the CSH structure. It is noted that the crystal ionic 
radius of Eu(lll) (0.95A) and Cm(lll) (0.97A) are very 
close to the crystal ionic radius of Ca(ll) (0.99A) [17]. 
Hence, it may be postulated that Eu(IN) and Cm(lll) 
substitute for Ca(ll) in the CSH structure. 

A structural model for Cm(lll) and Eu(lll) incorporation 
by CSH phases has been developed based on a 
defect 11A Tobermorite structure; the crystal structure 
is reported by Hamid [18], and is reproduced in Fig. 7. 
The structure consists of layers of Ca octahedra 
("stable Ca") linked through non-bridging oxygens to 
chains of silicate tetrahedra on either side, forming 
Ca-silicate layers. In the interlayers between the Ca-
silicate sheets, variable amounts of Ca atoms may be 
located ("labile" Ca). Thus, the Tobermorite structure 
contains Ca atoms at three different types of sites. 
The "labile" Ca in the interlayers (labelled 1 in Fig. 7) 
is coordinated with 7 oxigen atoms, of which 2 
originate from H20 molecules. In the second type 
(labelled 2 in Fig. 7), Ca is coordinated with 6 oxygen 
atoms originating from Si tetrahedra, and one oxygen 
from H20 (stable Ca). In the third type (labelled 3 in 

Fig. 7), Ca is coordinated with 7 oxygen atoms 
originating from Si tetrahedral (stable Ca). The 
fluorescing Cm(lll) species, F1, corresponds to Cm(lll) 
substituting for Ca in the interlayer (type 1 Ca), or Ca 
bound in the type 2 sites of the Ca octahedral layers, 
whereas the fluorescing Cm(lll) species, F2, can be 
interpreted as being a Cm(lll) substituting for Ca in the 
type 3 sites of the Ca octahedral layers. 

* s * # x 

Interlayer space with "labile" Ca 

chain of silicate tetrahedra 

Layer of "stable" Ca 

Fig. 7: A three-dimensional view of the tobermorite 
structure according to Hamid [18]. Note that 
oxygens of H20 molecules are enlarged 
compared to the oxygens from the silica 
tetraedra. Cm(lll) and Eu(lll) substitute for 
three types of Ca with different coordination, 
labelled 1, 2 and 3. 
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