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Fuel cladding specimen
Highly hydrided (1700 ppm) Zircaloy-4 cladding specimen of 10.75 mm
diameter after a burst test in PSI's hot laboratory: At a temperature of 350 °C
and internal oil pressure of 579 bar the sample has split into several strips.
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NUCLEAR ENERGY AND SAFETY RESEARCH AT PSI

General overview

Nuclear energy related research in Switzerland is con-
centrated at PSI's Nuclear Energy and Safety Re-
search Department (NES) in accordance with the In-
stitute's new ordinance.

The total effort invested in nuclear energy research in
1998 amounted to about 195 py/a and 4.5 millions
CHF of investment and maintenance costs. Approxi-
mately half of the salary, investment and maintenance
costs are externally funded, which makes a coverage
of about 35 % of the total costs. Although govern-
mental funding was further reduced in 1998, external
funding was maintained at a constant level. The exter-
nal funding is provided primarily by the Swiss Utilities
(UAK and individual NPPs), the Nagra, the Federal
Office of Energy (BFE) through the nuclear safety
inspectorate (HSK) and the Federal Office for Science
and Education (BBW) in connection with the EC
Framework Programmes; an increasing part of exter-
nal funding is coming from domestic and foreign in-
dustry (nuclear component and fuel suppliers).

Most of the aforementioned external funding occurs in
the framework of mid- to long-term research contracts.
However, 1.5 million CHF are provided by the Swiss
utilities to foster education by means of attractive re-
search projects; another 1.7 million is provided by the
utilities for regulatory research in agreement with
HSK's priorities. Particular attention is paid to the sup-
port of young scientists, resulting into 16 doctoral
theses presently underway in NES and two rotating
post-doctoral positions.

PSI/NES' activities in nuclear research concentrate on
three main domains: Safety and related problems of
operating plants (35 % of total resources, including
directly related facility operation and infrastructure),
safety features of future reactor and fuel cycles (27 %)
and waste management (16%); another 4 % are in-
vested in addressing more global aspects of energy,
the rest being devoted to administrative tasks and
overheads.

This research contributes to the safe operation of ex-
isting NPPs, in particular through investigation of the
behaviour of fuels and ageing components and tran-
sient analyses, as well as to the disposal of radioactive
waste. Furthermore, it answers the challenge of new
requirements including, ultimately, sustainability for
future nuclear installations, fuel configurations and
cycles and assesses the choices of corresponding
technical solutions. In doing so, competence is main-
tained in the state of the art and, at the same time,
education of young specialists in co-operation with the
universities is fostered.

The major research highlights in 1998 were the criti-
cality of the new LWR-PROTEUS and extensive filter
tests performed in preparation of the FPT4 in the
framework of the European Phebus Programme. Fur-

thermore, remaining work within PSI's participation in
the 4th EC Framework Programme was successfully
completed within budget and time schedule and pro-
posals for new research activities within the the 5th

Programme were prepared.

NES' research activities provided platforms for inter-
national conferences and workshops. Three of them
were held at PSI: an IAEA-TCM on "Experimental
Tests and Qualification of Analytical Methods to Ad-
dress Thermohydraulic Phenomena in Advanced Wa-
ter Cooled Reactors" in September, an OECD/NEA
workshop on "Advanced Reactors with Innovative
Fuels" and on "Inert Matrix Fuels", both in October. A
fourth workshop on "Risk Perception as Initiator and
Steering Instrument of Innovative R&D" was held at
ETH's Centra Stefano Franscini in Ascona in April.

NES continued its efforts to establish the principles
and - if possible - quantifiable indicators of sustain-
ability as applied to energy systems. In this framework,
a two-day conference on "Sustainability and Energy"
was organised together with the Swiss Energy Forum
in November in Zurich.

NES specialists were also invited on several occasions
to provide scientific arguments to support political
decision making, e.g. in the framework of the
"Publiforum" organised by the Swiss Scientific Council
to determine the public's positions with regard to future
energy supply alternatives. Along with other hands-on
experiments from nuclear energy research, an "Energy
Game" developed as part of the communication con-
cept implemented for comprehensive energy system
assessments was installed in the new psi forum. This
software tool offers any interested user the opportunity
to evaluate various electricity supply options based on
scientific results from the GaBE project.

Strategic issues

Besides current activities, forward plans have been in
preparation for nuclear energy research at PSI to meet
needs beyond the year 2005. Starting from the view-
point of national and world-wide developments, the
most important future requirements and issues were
identified, from which a sound strategic approach and
the corresponding focal points for research were de-
fined.

Nuclear energy in the civilian sector has been used to
this date almost exclusively for power generation. As
of January 1998, 440 NPPs with a total installed ca-
pacity of 353 MWe met 17 % of the world's electricity
demand. Of that capacity, 84% belong to OECD
countries. The prospects for its ongoing evolution vary
dramatically across the world.

In Switzerland, the debate on the use of nuclear en-
ergy was revived. The current moratorium will expire in
September 2000, but a de facto prolongation is very
likely. Nevertheless, NGO's opposition to nuclear



power has launched two initiatives for public votes,
one on extending the moratorium under more stringent
conditions, the other on a gradual phase-out of Swiss
NPPs. In parallel, other energy related legislative
measures (energy tax, CO2 tax, electricity market law)
that are likely to have an impact on the future of nu-
clear energy in the country are in preparation.

The energy policy decisions taken by the Federal
Government in 1998 foresee to limit the lifetime of
existing NPPs, however, without defining this limita-
tion. A power uprating of the Leibstadt NPP by 15%
was approved, as well as the extension of the operat-
ing license for the Miihleberg NPP until 2012 at least.
Furthermore, it was decided to start work on the revi-
sion of the Swiss Atomic Law and on an ecologically
driven taxation system. The nuclear option will be
maintained as long as the existing NPPs can be oper-
ated safely and are economically attractive for their
owners. Building of new NPPs of an advanced type
will be possible, if accepted by a public referendum.
The share of nuclear power (40 %) in the domestic
electricity production was acknowledged. The share of
new renewables in the next decades will increase but,
at less than 5%, will not play a major part in electricity
supply.

In Europe, the electricity demand is stable. However,
the electricity production surplus, often used as an
argument against nuclear power, corresponds to a
reserve installed capacity of only 6 GWe. To replace
the older NPPs which are to be decommissioned or to
install additional capacity, the utilities currently prefer
high-efficiency combined cycle plants (CCP) with pre-
sent advantages of low gas prices and rapid return of
investment.

The general attitude of the public and of political lead-
ers towards nuclear power varies from one country to
another. Strong opposition motivated by political inter-
ests can be observed in some countries, such as
Sweden and Germany, where concrete phase-out
strategies are implemented. In contrast, EdF will pos-
sibly order a new plant of the EPR type for the French
NPP park to ensure healthy future supply capability.

On a world-wide scale, the energy issue will play a
dominant part in the years to come: Even with a mod-
erate demographic development and stringent restric-
tions on demand in the developed countries ("2 kW
society"), an increase of 50% - 100% in primary en-
ergy consumption is expected in the next 25 years. It
will be impossible to cover this additional demand by
new renewable energies. If climatic effects of green-
house gases become noticeable, the need to reduce
the use of fossil fuels will be further emphasised. To
realise the CO2 reduction targets agreed in Kyoto,
efficiency improvements and a de-carbonisation of the
fuel cycles will be necessary. CO2 sequestration
should also be considered if technically sound and
cost-effective. Nevertheless, the current developments
and energy policies show rather in the direction of an
increased carbonisation of energy supply.

Nuclear energy will therefore continue to have an im-
portant part to play. Currently, some 50 NPPs are
under construction. Ambitious nuclear programmes
exist mainly in the Far East, in particular in Japan,
Korea and China, where the installation of about 50
GWe of nuclear generating capacity in the next 25
years is foreseen; although this corresponds to only
5 % of China's total generating capacity by the year
2025, it represents a huge construction programme
with an average of 2-3 large NPPs commissioned
every year. Japan continues systematically its efforts,
aiming among others at a closure of the nuclear fuel
cycle by multiple recycling of plutonium and minor
actinides. The recent political opinion in Japan is that
nuclear generation is indispensable if the Kyoto targets
are to be reached. The nuclear capacity presently
installed (-48 GWe) would have to be raised to 66-70
GWe by the year 2010 to match the projected target
output for CO2 emissions.

At present, nuclear power is faced with stiff competi-
tion as a result of the low prices of natural gas and
high efficiencies of CCPs. However, the implementa-
tion of the Kyoto protocol and the introduction of a CO2

tax at an appropriate level could change the situation
to its advantage in the mid-term. It is noteworthy that,
with an average technical NPP life of 40 years, some
180 GWe of nuclear generating capacity will be de-
commissioned between 2015 and 2025 world-wide
and will have to be replaced; a decision to replace this
capacity with advanced NPPs should be taken by
2005 at the latest.

Implications

These global (mid- and long-term) developments and
(short- and mid-term) needs of the Swiss nuclear
community determine the main fields of research in
Switzerland and at PSI, respectively. In particular, for
the short- and mid-term

• the Swiss NPP operators place emphasis on plant
safety and related operational issues, materials and
component behaviour and related phenomena, and
performance improvement of nuclear fuels (higher
burn-up, extended use of plutonium in MOX);

• Nagra needs a better understanding of the dominat-
ing mechanisms in underground repositories, in or-
der to finalise safety assessments;

• the HSK has a strong interest in reliable assessment
of the lifetime of components, system and accident
analyses, effects of coolant water chemistry and
probabilistic considerations.

Major weight is given to the assurance of an undis-
turbed operation of the older NPPs despite (partially
unknown) problems that may arise due to ageing of
critical components. New on-line surveillance and
damage detection techniques are sought for control-
ling enhanced corrosion, embrittlement and crack
propagation.



A low- and medium-level waste repository will become
necessary by 2010. By 2003, the safe disposal of high-
level waste (HLW) or spent fuel elements must be
proved for specific sites. However, a HLW repository in
Switzerland with a nuclear capacity of only 3 GWe
would be economically unjustified; technically speak-
ing, an international repository could be the most ap-
propriate solution.

With regard to the mid- and long-term, more general
research, to address global issues is necessary. Such
visionary research needs an integrating element that
would also match the multidisciplinary character of this
task and fit into the core business of PSI. From the
present perspective it seems that a "nuclear energy of
the future" will only have a chance if it can to a large
extent fulfil sustainability criteria that include resource
preservation, economics and social compatibility. Cur-
rent technologies such as high-tech materials, new
processes, digital control systems open possibilities for
quantum leaps in each of these fields that would have
been unimaginable in the past. Applicability and use of
such technologies for a sustainable nuclear energy
should be in the focus of long-term oriented research
activities. There is no urgency, however, for the im-
plementation of such a new nuclear technology, which
leaves time for building-up gradually a consistent,
relevant and sound research complex.

About 80 % of the current resources will be necessary
to assure the scientific support needed for the safe
operation of the Swiss NPPs as outlined above. The
rest could be devoted to visionary research, after clo-
sure of one or two of the current major research activi-
ties in NES. In the light of the current questioning of
nuclear energy research by the political bodies, how-
ever, it will be essential to achieve an even greater
robustness. Three main elements are essential to this:
• Occupying the "moral highgrounds", i.e. demon-

strating that nuclear energy research is relevant and
beneficial for society and a key element for its sus-
tainable future.

• Building large thematic multidisciplinary blocks while
becoming more generic, i.e. reducing the depend-
ence of any research activity on one single major
competence field.

• Intensifying the use of the unique facilities and capa-
bilities, i.e. by using SINQ and SLS for nuclear re-
search and building up common projects with other
departments.

Long-term considerations led to the following focal
points for nuclear energy research themes:

a) Needs of the NPP operators with short- and
mid-term relevance: Materials behaviour will
clearly dominate. On the side of structural materi-
als, environmentally and irradiation induced dam-
age to nuclear components stand in the fore-
ground. PSI with its large irradiation facilities and
the hot laboratory is destined to take a leading role
in this field. In the domain of damage mechanics,
non-destructive methods of diagnosis can become

valuable tools for the emerging risk-based mainte-
nance of NPP. They can also be used to generate
a complete database on the status of reactor inter-
nals as needed, for instance, for an extension of
the license of older plants. Non-nuclear spin-offs
can also be expected in this field.

b) Evolutionary developments of reactor technol-
ogy with mid-term relevance: PSI has accumu-
lated extensive experience in the domain of BWRs
covering such diverse fields as reactor physics
(PROTEUS experiments on BWR fuels), thermal
hydraulics (ALPHA projects on SBWR, ESBWR
and SWR-1000), water chemistry (contamination of
primary circuit by activation products), corrosion
phenomena on fuel cladding (shadow corrosion on
high-burnup fuel rods), and reactor core internals
(stress corrosion cracking for BWR steels). PSI
could, therefore, build a BWR Competence Centre,
unique in Europe, offering a complete package of
scientific services for this technology line. This
would further consolidate PSI's already strong po-
sition within the EC framework programs and en-
compass all major NES facilities: PROTEUS,
PANDA and Hot Laboratory.

c) Developments for the more remote future with
long-term relevance: Following the paradigm of
sustainability, issues related to the back-end of the
fuel cycle seem to be most appropriate research
domains. The intensified burning of plutonium in
LWRs and transmutation of actinides in advanced
hybrid systems (ADS) are challenging, multidisci-
plinary tasks of interest in the long-term. PSI's
strength lies in physics (spallation, accelerators)
and neutronics, liquid metal technologies, CFD and
in materials' behaviour and process technology for
inert matrix fuels. A proposal has been prepared for
one such research programme for construction of a
mock-up facility fed with protons of PSI's accelera-
tor. Co-operations in this field already exist; it will
be necessary to identify the most suitable facilities
and research programmes to co-operate with, and
develop attractive proposals for PSI contributions.

In the light of the above considerations, the following
points define the perspective for NES' forward plans:

- to maintain the principal areas of competence for as
long as NPPs are operating in Switzerland; future
developments will follow the lines which have been
identified but the outlook will remain dynamic and re-
sponsive to focus on new research topics;

- t o build up and strengthen the position of NES in
areas which are unique and of particular relevance,
at least in Europe;

- to take advantage of the time available to initiate
basic research in promising areas, and also to at-
tract young scientists;

- to establish more clearly defined criteria for sustain-
able development to assist in guiding future energy
strategy and to play a more active role in related
(moral) ones.

W. Kroger, Head of Department
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MAIN ACTIVITIES

The main activities during the year covered by this report are briefly described below in the framework of
the corresponding projects. They include tasks which were completed in this year, and also certain projects
still in their early stage. While NES is encouraging a networking of its activities both within the Department
and over PSI, most of the projects remain the prime responsibilities of distinct organisation units
(Laboratories), thanks to the well defined scientific focus of the projects that require particular expertise and
specialised equipment or facilities. Exceptions are GaBE (Comprehensive Assessment of Energy Systems)
which is undertaken in co-operation with PSI's General Energy Research Department (ENE), and AFC
(Advanced Fuel Cycles) which is shared between the Laboratory for Reactor Physics and Systems Engi-
neering (LRS) and the Laboratory for Materials Behaviour (LWV). The STARS project is associated with
LRS but receives significant contributions from the Laboratory for Thermal Hydraulics (LTH) and the LWV;
The Laboratory for Safety and Accident Research (LSU) is participating substantially in LTH's ALPHA proj-
ect, and the Laboratory for Waste Management (LES) makes extensive use of LWV's hot laboratory.
Finally LWV and LSU are closely collaborating in the areas of water chemistry, and stress corrosion crack-
ing. Many of the programs are part of collaborations with universities, industry, or international organisa-
tions The individual articles to follow are cited by [first author].

Human Reliability Analysis (HRA)

In the second year of this project, the research work
continued along three development lines: enhance-
ments of current HRAs in the Swiss Probabilistic
Safety Assessments (PSA), treatment of errors of
commission (EOCs) and dynamic operator-plant
simulation. Further, on-call tasks financed by the HSK
are conducted, primarily reviews of the HRAs submit-
ted to HSK by the utilities as a part of their PSAs
[Dang].

One of the tasks is the re-examination of HRA calibra-
tion in one of the Swiss PSAs, which was based on
detailed analyses of the plant-specific performance
conditions. The preliminary results are in some cases
larger by an order of magnitude than the probabilities
previously used in the PSA; the recalibrated human
error probabilities have a significant impact on core
damage frequency. A number of practical recommen-
dations for HRA applications also resulted from the
benchmarking of methods conducted in this work.

Work on the development of a dynamic operator-plant
simulation was carried out together with the STARS
project. An interface linking the OPSIM operator model
and the RETRAN code was tested and an architecture
for the integrated simulation tool was designed and
implemented.

PSI continued its involvement in the new HRA task of
OECD-NEA/CSNI. An IAEA co-ordinated research
program on HRA data was completed. During 1998
PSI joined a Concerted Action of the EU on integrated
sequence analysis and new HRA approaches.

Comprehensive Assessment of Energy Systems
(GaBE)

The activities within the multi-disciplinary GaBE Proj-
ect1 focused on research co-operations with industrial
and other partners, integration of results and commu-
nication efforts.

The Dezentral project conducted as research co-
operation with the VSE (Swiss Association of Produc-
ers and Distributors of Electricity), is close to comple-
tion. The environmental and economic evaluation of
the various options for future electricity supply in Swit-
zerland (Vorschau 1995) was greatly extended to
cover fully the large spectrum of future cogeneration
(combined heat and power) technologies and heating
systems (including heat pumps). Among the supply
scenarios, a strong increase in the use of cogeneration
was given prominence. The full scope Life Cycle As-
sessment (LCA) of major pollutant emissions to air
demonstrates that substituting nuclear electricity by
fossil plants (combined cycle and/or decentralised co-
generation) leads to increases in the total emission of
Greenhouse Gases associated with the overall energy
(heat and electricity) supply by 30 to 50 percent. For
most of the supply options considered, the total emis-
sions of such major air pollutants as NOX and SOX are
dominated by steps in the energy chains other than
the power/heat plants. The extended use of heat
pumps has a beneficial effect on the total emission.
Among the fossil options the scenarios with heat
pumps (combined with either gas-fuelled combined
cycle or fossil cogeneration) show nearly identical en-
vironmental performance. Cost differences between
the various options are low to moderate, though sub-
ject to uncertainties [Gantner].

1 The ENE contributions to GaBE, addressing simulation of
environmental impacts of air pollution and energy econo-
mics, are primarily covered in Annex V.



An increasing number of organisations prepare LCA-
based environmental reports concerning their products
and services. The electricity mix, in particular the
share of fossil fuels, used in these analyses frequently
dominates the results. In a project supported by INFEL
(Informationsstelle fur Elektrizitatsanwendung) a new
electricity mix model was formulated and used, that
reflects better the role of Switzerland as a transit land
for electricity. In spite of occasionally relatively high
electricity imports, with an appropriate treatment of
import/export balance, the share of fossil fuels in elec-
tricity consumed in Switzerland was shown to be quite
low (3.9 % on yearly basis). Using the experience
gained, a guidelines were developed to help LCA
practitioners to choose the most appropriate electricity
mix for specific applications.

The study on comparative assessment of severe ac-
cident risks, supported by the Swiss Federal Office of
Energy (BfE), was completed. The extension of the
statistical basis as well as the associated distinction
between OECD- and non-OECD countries were fully
implemented for all major energy chains. It shows that
considerable differences exist between the aggregated
consequences, normalised to 1 GWY, for the various
energy carriers. On the world-wide basis, the highest
immediate fatality rates apply to LPG (Liquid Petro-
leum Gas), followed in order by hydro, oil, coal, natural
gas and nuclear. The rates are all significantly higher
in the non-OECD countries than in the OECD coun-
tries. In the case of hydro and nuclear the difference is
particularly dramatic.

A preliminary and relatively rough estimate of envi-
ronmental external costs associated with electricity
generation demonstrated their influence on the price
structure based on full cost accounting. Coal and oil
chains exhibit the highest environmental external costs
which may well be as high or more than the typical
cost of electricity generation itself, particularly when
the damages due to global warming are included. The
environmental costs associated with natural gas are
lowest among the fossil chains and become relatively
high only when the potential impact of global warming
is taken fully into account. The nuclear chain exhibits
low environmental costs, of the same order as those
typical for the renewable sources such as hydro, phto-
voltaic and wind. Although the uncertainties are large,
this damage-based ranking of supply options is con-
sidered as quite robust. Full internalisation of environ-
mental externalities would improve the competitive-
ness of nuclear energy, and possibly of biomass and
wind. Under the Swiss climatic conditions, a drastic
reduction of internal costs is necessary for photovoltaic
to become economically competitive.

Advanced Fuel Cycles

The principles of a sustainable development in the en-
ergy sector include most efficient use of resources and
reduction of waste volumes. These principles guide

the Advanced Fuel Cycles project, conducted with the
financial support of the UAK, which ensures analytical
and experimental support on actinide recycling. The
R&D activities within the project can be grouped ac-
cording to the timescale (short, intermediate or long
term) of a possible realisation:

• Maximising the use of uranium by investigating the
high burnup behaviour of nuclear fuel and the recy-
cling of plutonium in the existing LWRs.

• Evaluating the feasibility of inert matrix fuels (IMF)
for plutonium incineration.

• Exploring the potential for recycling of actinides
and long-lived fission products in fast reactors or in
accelerator driven systems.

In the framework of the FIGARO and the ARIANE pro-
gramme, detailed examinations of fuel irradiated to
high burnup in Swiss NPPs confirm that MOX and UO2

behave comparably as regards the ceramic structure,
the fission product behaviour. In an optimisation phase
of the ARIANE programme, unknown sources of errors
in the measured data for the isotopic vectors of U, Pu
and Nd were investigated. The quality of the measured
values was significantly improved by increasing the
number of measurements, spike additions and deter-
mination of the mass balance. Progress was made in
the determination of radial distribution of Gd isotopes
used as burnable poisons in BWR fuel elements. The
new SIMS was used for the first time with irradiated
fuel and the results gave excellent lateral resolution.

Within the framework of scientific services for the
Swiss Utilities, earlier core simulation studies for the
Leibstadt plant (KKL) were extended to more recent
cycles. Detailed analyses of pin power distributions
showed good agreement with measured values of the
traversing incore probes (TIP). In a parametric study
performed for the Gosgen plant (KKG), the effect of
removal of a single rod from a highly enriched UO2 fuel
bundle surrounded by an infinite water zone was cal-
culated. On behalf of the Beznau plant (KKB), a limit
was established for the 235U enrichment of fresh UO2

assemblies loaded together with single-cycle burned
assemblies, in the compact fuel storage pool.

The aim of IMF is to improve the established recycling
of plutonium in LWRs. The proportion of plutonium as-
semblies in a LWR-core in the so-called self-generated
mode can be reduced from 1/3 to 1/8, if an inert matrix
material is used as carrier instead of depleted or natu-
ral uranium oxide [Stanculescu]. The laboratory
equipment for the IMF-pellet preparation was com-
pleted and two different conversion methods for multi-
component ceramics (Zr, Y, Er, Ce-oxides), from ni-
trate solutions were explored [Ingold]. Negotiations
with the Korean Atomic Energy Research Institute
(KAERI) and the OECD-Halden Reactor Project for the
preparation of test materials and irradiation tests led to
formal agreements.



According to earlier reactor physics studies, it is possi-
ble to design mixed UO2/IMF cores with very high Pu-
consumption rates in the IMF assemblies that would
satisfy current operational requirements (i.e. cycle
length, soluble-boron concentration, etc.). In prepara-
tion for an eventual demonstration-type irradiation with
just single IMF rods introduced into a UO2 environ-
ment, an optimally mixed IMF/UO2 assembly was
specified by means of a parametric study.

Research on future concepts is being conducted in
close collaboration with the newly formed Japan Nu-
clear Fuel Cycle Development Institute (JNC) and the
CEA. First trials with Pu and Np for the fabrication of
microspheres following a flow sheet with a reduced
number of process steps have been successfully com-
pleted. The products were described and new tech-
niques in the characterisation of pores by an optical
analysis method were applied. Calculations of the
thermal behaviour of the fuel pins led to new under-
standing of the sintering and necking processes which
revealed an extremely good, self-adjusting in-pile be-
haviour of such fuel material, and which is supported
by experimental findings from irradiation experiments.
The new modelling code SPHERE-2 was applied suc-
cessfully to carbide irradiation tests and the power
transient test in the Halden Material Test Reactor.

The third ATHENA irradiation experiment has been
performed, including for the first time a NpO2 thin tar-
get. First results obtained from y-scanning measure-
ments indicate that a doubling of the beam dose and
the fluence onto the target was achieved compared
with the second experiment.

LWR-PROTEUS

The main aim of the project is to provide experimental
data (reaction rates, power distributions and reactivity
effects) for the validation of analysis tools for LWR fuel
assemblies and core configurations. This will allow
reduction of the uncertainty margins improved fuel
utilisation.

The new LWR experiments represent a significant de-
parture from traditional criticality tests with mock-up
fuel, in that authentic fuel will first be investigated in
PROTEUS before it is used in a power reactor (KKL
for the first phase of the project). This approach brings
not only technical benefits (realism and transferability
of the results) but also considerable economic advan-
tages in terms of test-fuel procurement and disposal
costs. Support for the program is shared equally
between PSI and the Swiss NPPs.

The start of the experimental phase of the new 4-year
LWR programme to measure detailed power and re-
action-rate distributions was marked by the first criti-
cality of the rebuilt zero power research reactor
PROTEUS in November 1998. In addition to the com-
pletion of the facility rebuild, and the submittal of the
licensing application to the HSK, a significant amount
of analysis work was carried out, e.g. code compari-

sons showed spreads of up to 8 % in pin powers.
Comparing these with the 0.5 % target experimental
accuracy on pin powers, it is seen that a considerable
potential is available for the reduction of code predic-
tion uncertainties through measured data.

The measured critical fuel loading indicated that the
design calculations had overestimated the system re-
activity. This was to be expected with deterministic
codes, but the approximately 0.5 % overestimation by
the Monte Carlo method was somewhat surprising.
However, these discrepancies do not in any way affect
the potential accuracy of the measurement results in
the LWR test zone or their transferability to power re-
actors. Measurements have also shown that the op-
erational and safety parameters of the facility lie within
acceptable bounds.

STARS

As part of the services for the HSK that provides fi-
nancial support for this project, the currently applied
core physics methods in KKG, KKM and KKL were
reviewed. A detailed profile of the methods currently in
use in Switzerland was obtained that helps to compare
the merits of the STARS tools with the other method-
ologies used in the commercial field. As an emergency
simulation exercise, a hypothetical scenario was ana-
lysed with RELAP5. Selected parameters were ex-
tracted from the simulation results and were reformat-
ted in order to be fed into ANPA, a system which
transmits those same on-line measured parameters
from the plant to the HSK.

The code implementation, modelling and valida-
tion tasks for the RETRAN-3D plant model for KKL
were completed. Its performance was successfully
demonstrated by the comparison of simulation results
with the measured plant data for selected start-up
tests in KKL. The empirical models for the calculation
of sub-cooled boiling, implemented as option in TRAC-
BF1 and in RETRAN-3D, showed good agreement
with measured void data at high and low sub-cooling.
Also the mechanistic model for sub-cooled boiling in
the sub-channel module VIPRE02 of the CORETRAN
code, yielded good agreement. The mechanistic model
of RETRAN-3D (in the 5-equation model, see below)
showed a tendency to overestimate the sub-cooled
void content.

Void distributions for typical BWR fuel assemblies
have been measured in a test rig by the Japanese in-
dustrial group, NUPEC. These data were analysed
with the sub-channel module of CORETRAN. In gen-
eral, the calculated void distributions match the meas-
ured distributions well. Also the modelling of the void
distribution within fuel assemblies with partial-length
fuel rods was quite successful. CORETRAN proved to
be a practical tool for the analysis of modern BWR fuel
designs. However, a code deficiency though was iden-
tified in the systematic under-prediction of the void
fraction near the non-powered water rods; this was



traced back to an inadequate turbulent mixing and lat-
eral void drift model.

An improved formulation of the interfacial mass trans-
fer within the 5-equation model of RETRAN-3D was
developed in collaboration with the code developer,
thus broadening its application field. The new model is
based on the interfacial heat transfer between the
phases from which the mass transfer term is derived.
Heat transfer correlations specific to the different flow
regimes are used. The validation tests included tran-
sients with rapid depressurisation, pressurisation fol-
lowing turbine trip without bypass and some conden-
sation tests [Macian].

A test calculation for the peak clad temperature during
a blow-down measured in the French OMEGA-loop
demonstrated the successful implementation of the
GRS methodology SUSA to statistically combine the
effects of code uncertainties. It demonstrated at the
same time how SUSA can be integrated with
RETRAN-3D. The reliable estimation of the uncer-
tainty in peak clad temperature, based now on justifi-
able and objective uncertainty distributions forms part
of the future work program.

The BWR stability work was completed with a study of
regional oscillations in some of the KKL experiments.
An explanation of an instability event in the Forsmark-
1 reactor was provided, based on a large number of
computer simulation experiments.

ALPHA

The ALPHA programme investigates experimentally
and analytically the long-term decay heat removal from
and fission product retention in the containment of ad-
vanced LWRs by means of passive systems. During
1998, ALPHA contributed to three projects within the
4th Framework Programme of the EU (IPSS, TEPSS
and INCON) in co-operation with other European ex-
pert groups. Two new projects have also been initi-
ated, namely an international standard problem exer-
cise (PANDA ISP-42) conducted by PSI under the su-
pervision of the OECD/NEA Committee for the Safety
of Nuclear Installations (CSNI) with financial support
from PSEL, and in-kind contributions sponsored by
UAK for the European Simplified Boiling Water Reac-
tor (ESBWR) project.

IPSS (European BWR R&D Cluster for Innovative
Passive Safety Systems): Starting in mid-1998, the
PANDA facility was modified to investigate long-term
passive containment cooling by a so-called plate con-
denser. The first tests of this last test series were suc-
cessfully completed. In parallel, the analytical investi-
gations already started in 1997 continued. The final
objectives of these analyses are to gain additional ex-
perience in predicting real plant behaviour and to as-
sess the reliability of the analytical models and tools
[Dreier].

After the completion of calculations of the coolant
system using RELAP5, investigations concentrated on
containment behaviour with the 3D code GOTHIC and
the CFD code CFX-4. These addressed some of the
key phenomena identified in the PANDA experiments
(e.g., steam/non-condensable gas mixing and stratifi-
cation, condenser performance, mixing and stratifica-
tion in water pools). This led to the identification of
phenomena and their classification into those that can
be predicted with the presently available tools (e.g.,
gas or water mixing) and those which are difficult to
predict (e.g., buoyancy-induced stratification). In gen-
eral, the GOTHIC code contains most of the models
needed, but is limited with respect to detailed model-
ling of geometry and numerical diffusion. The applica-
bility of CFX-4 to the PANDA tests is restricted due to
the lack of appropriate two-phase flow and heat
transfer models and the very long computing times.
Nevertheless, the calculations improved the under-
standing of some key phenomena observed in
PANDA, and helped to identify the needs for specific
model developments and code improvements
[Analytis].

TEPSS (Technology Enhancement for Passive Safety
Systems): This project investigates passive decay heat
removal from the ESBWR containment. A series of
eight tests in PANDA was centred around a main
steam line break transient but also included system
interaction effects, the influence of light gases on sys-
tem behaviour during a severe accident (with helium
as a simulant for hydrogen) and simulations of design-
limiting scenarios. In summary, the tests demonstrated
the favourable and robust overall system behaviour.
Post-test calculations demonstrated the capability of
RELAP5 to predict the global parameters (such as
system pressure) with reasonable accuracy, but also
revealed deficiencies in the prediction of the details of
certain key phenomena.

For some crucial physical phenomena observed in the
PANDA tests, more detailed analytical investigations
were performed. Calculations with GOTHIC for pas-
sive condensers immersed in a water pool clearly
identified deficiencies on the pool-side and gas-side
heat transfer. The purging of an air-filled PANDA dry-
well vessel by horizontal steam injection was com-
puted in two dimensions, by GOTHIC and by CFX-4.
The two predictions showed good agreement, and
demonstrated the complex interplay between buoy-
ancy and inertial forces.
The LINX separate-effects tests for suppression pool
mixing and stratification were completed. Extensive
data analysis and qualification have also been per-
formed. In parallel, model development for CFX-4 has
continued. The model for calculating bubble plumes
was successfully validated against published data.

INCON (Innovative Containment Cooling for Double
Concrete Containment): This project was successfully
completed. The PSI contribution consisted of a series
of 40 tests in the LINX facility, investigating the inner



condenser of a double concrete containment cooling
concept, and extensive modelling work related to the
condensation of steam on inclined finned tubes in the
presence of a non-condensable gas. The model that
was developed is not design-specific and predicts all
parametric effects well; assessment against experi-
mental data shows a standard deviation of only 7 % for
the overall heat transfer rate.

CONGA (Containment Behaviour in the Event of Core
Melt with Gaseous and Aerosol Release): The PSI
contribution to this project within the 4th EU Framework
Programme consists of investigations of the deposition
of aerosol particles on heat exchanger tubes and of
the aerosol behaviour in condensing steam atmos-
phere. Two different heat exchanger models are used:
one, designed by ENEL, is designed to remove the
decay heat from the containment of a generic PWR,
the other from the containment of the Siemens ad-
vanced SWR-1000. Both condenser units are placed
directly in the containment and are actuated without
operator action. The decay heat must be removed also
during severe accidents, i.e. also in the presence of
aerosols. Free convection in the containment is estab-
lished which transports the steam and aerosols to the
outside of the tubes. The three first experiments with
insoluble aerosol particles have shown that heat re-
moval can be sharply reduced by aerosol deposit on
the condenser tube. In further tests, the thermal-
hydraulic parameters will be modified to provide condi-
tions corresponding to the SWR-1000.

LWR-Contamination

This project, financially supported by the HSK investi-
gates the dominant role of water chemistry on activity
uptake in reactor systems(and therefore for occupa-
tional exposure) and on the ageing behaviour of com-
ponents.

The investigation methods of the corrosion and con-
tamination processes under LWR-conditions were
substantially improved and expanded. The PSI labo-
ratories are now equipped with three different instru-
ments allowing to perform all relevant electrochemical
corrosion investigations. Two autoclaves were modi-
fied in such a way that up to eight samples can be po-
larised independently. In addition, a high temperature
reference-electrode was developed and improved.

The expert consultant work for the HSK focused on
the cases of enhanced shadow corrosion detected on
some fuel in the vicinity of the spacers of some fuel
elements. The fuel supplier and plant operator pro-
posed remedies, to avoid shadow corrosion in future
without increasing the radiation fields in the recircula-
tion loop.

Austenitic steel samples were exposed over five days
to BWR-conditions with metallic ions of valance two
added to the water. These experiments help to esti-
mate the mitigating effect of water additives on the ac-

tivity build up in the oxide scales of the steel. It was
shown that the water additives have a big influence on
the composition of the corrosion scales, their semi-
conducting properties, the oxide layer thickness and in
particular the degree of contamination [Hiltpold].

Under the well known hydrodynamic conditions within
a Couette-autoclave, electrochemical potential (ECP)
measurements at the interface of ferritic and austenitic
steel samples and the water under hot conditions were
performed. The influence of the flow characteristics,
expressed in Reynolds number, on the ECP was
quantified at different concentrations of oxygen in the
bulk flow of the water and at different fluid tempera-
tures. Basically, it is possible to separate flow regimes,
where the ECP is controlled by diffusion.

The activity build up on electropolished and pre-
oxidised austenitic steel samples under hot water con-
ditions was studied using a modified ion exchange
model. The transfer coefficients were determined by
performing tracer experiments in a static autoclave. In
addition, a transport model of contamination by col-
loids accounting for the particulate fraction of the ac-
tivity transport was established.

EDEN

The project EDEN (development, application and
evaluation of post-irradiation analyses) is conducted
mostly with the support of Swiss utilities and plant op-
erators, and in close co-operation with the supplier
industry (ABB, Siemens) and international research
organisations (EPRI's NFIR). Research concentrated
on topics in the following areas, described below:

• Corrosion and H2 uptake in high burn-up Zircaloy
fuel rod cladding

The phenomenon of enhanced spacer shadow corro-
sion (ESSC) has attained world-wide attention. Analy-
sis identified unfavourable water chemistry and inap-
propriate cladding materials as causes. For the first
time, fuel rods with improved cladding materials were
examined after operation for one cycle under reme-
died conditions. These measures turned out to be ef-
fective, since corrosion rates in the spacer areas were
markedly reduced. The improved cladding materials
performed satisfactorily showing a remarkably low H2

content. In spite of this success, the mechanism
causing ESSC is still unexplained.

The performance, in particular corrosion resistance, of
candidate cladding materials for PWR conditions at
high burn-up was further assessed by analysing tubes
with an external liner (Duplex-cladding) that had been
exposed up to a burn-up of 65 MWd/kgU. Low-tin and
of Zr-Nb liners both provided excellent corrosion re-
sistance and, hence, rather low H2 pick-up.

A study of the influence of the size distribution of the
secondary phase particles (SPPs) on the corrosion
rate of Zircaloy-4 improved the understanding of the



basic corrosion mechanisms. The growth of the oxide
layer was measured on-line in an autoclave at 350°C
and 170 bar.

• Mechanical integrity of fuel rod claddings at high
burn-up

Irradiation strongly affects the strength and ductility of
the cladding, whereas corrosion causes wall thinning
and leads to H2 uptake in the metal. After the study of
the axial tensile properties of guide tubes, burst tests
were carried out on fuel rod segments irradiated in a
reactor. Due to the strongly textured microstructure,
axial properties can be used only partially to simulate
actual loading conditions. Burst tests with the main
loading in the hoop direction provide more relevant
data. In order to test rod segments even with adhering
fuel, a special test cell was commissioned, allowing
pressures up to 1500 bar and temperatures up to
350°C. A diameter gauge designed and built at the
PSI hot laboratory allows to monitor the hoop strain
during pressurisation. The experiments demonstrated
the strong influence of irradiation on cladding ductility,
whereas the influence of H2 was found negligible up to
about 1000 ppm. On the other side, even small local
hydride accumulations, which may occur at oxide
spalls proved to be quite detrimental.

• Causes and mechanisms of fuel degradation

Fuel failure during operation, starting from a small pri-
mary defect, can end in long axial splits or circumfer-
ential breaks resulting in fuel washout. Although the
frequency of defective fuel rods has been greatly re-
duced in the past and most of the primary defects can
be attributed to damage due to fretting, the cause of
other defects and the mechanism of degradation need
to be studied. In the examination of a BWR fuel rod
which had degraded but not split, the primary defect
was located and identified by visual inspection and
eddy current methods. The geometric integrity of the
fuel pellets in the defect area and the development of
hydrides in the fuel cladding due to steam starvation
was visualised for the first time by neutron radiography
at the new NEURAP facility of the SINQ. Segments of
irradiated fuel rods of length 70 cm were sealed in an
aluminium transfer container and were transported to
SINQ for radiographic examination without opening
the aluminium container, thus avoiding any contami-
nation of the facility. Despite the complexity of the op-
eration, 3 experiments were performed within about a
month.

• Irradiation assisted stress corrosion cracking
(IASCC)

Following a preliminary study financed by HSK, a pro-
posal was formulated to address the open questions
identified. Cracking is mostly observed in the heat
affected zone of weldings, which may exhibit high
residual stresses and sensitised microstructure with a
strong gradient in properties. The effect of irradiation
on both parameters needs to be clarified to under-

stand the cracking phenomenon. Irradiation leads to
stress relaxation on one hand but to strength increase,
loss of ductility and grain boundary segregation on the
other hand. It is proposed to assess the evolution of
the residual stresses with irradiation using neutron dif-
fraction at the SINQ facility and analyse the evolution
of the microstructure with the techniques available at
the PSI hot laboratory. Presently, international collabo-
ration with funding within the 5th European framework
is sought.

The evolution of the microstructure and the deforma-
tion characteristics in stainless steels with neutron and
proton irradiation has been the subject of a further
study. From measurements on small tensile speci-
mens using transmission electron microscopy the irra-
diation specific deformation patterns (dislocation
channels) could be assessed and correlated with the
crack initiation process.

Since 1998, PSI and the Swiss utilities are participat-
ing in the CIR project (Co-operative IASCC Research)
managed by EPRI, in which PSI represents the Swiss
interests.

Waste Management

The overall aims of the waste management activities
are to develop and test models, and to acquire se-
lected data in support of the performance assessment
of nuclear waste repositories. The work concentrates
on gaining further understanding of safety relevant
mechanisms and processes that govern the release of
radionuclides from waste matrices, and their transport
through the engineered barrier system and repository
far-field. The fields of expertise are repository system
chemistry, migration of radionuclides including retar-
dation. The work is performed in close co-operation
with and with financial support of the Nagra and on
behalf of the Federal Government.

Of primary importance is the work which has direct
input into performance assessments. In connection
with the planned repository for low- and intermediate-
level wastes at Wellenberg (SMA-repository), sorption
data bases for cement, for undisturbed marl and for
marl altered by the high pH cementitious waters ema-
nating from the repository were published. PSI has
also contributed to the comprehensive IAEA Study on
the radiological situation at the atolls of Mururoa and
Fangataufa. The study concentrated on release of nu-
clides from the cavities formed by the nuclear explo-
sions and their transport through the geologic layers
[Pfingsten].

A possible detrimental effect to the safety of an SMA-
repository is colloid facilitated nuclide transport. Colloid
measurements in large columns filled with mortar were
performed at ETHZ. The previous results from batch
experiments were corroborated: i.e. colloid concentra-
tions in the backfill are low and colloids do not have a
major impact on nuclide transport [Wieland].



The main investigations on the impact on nuclide spe-
ciation and sorption of cellulose degradation products
contained in part of the SMA waste were completed.
The detrimental effects of cellulose degradation are
much less than anticipated. Some of the few remaining
questions were resolved. First, the p-isomer of isosac-
charinic acid was isolated and was found to form much
less stable metal complexes than the a-isomer. Sec-
ond, the influence of radiation on degradation was in-
vestigated, and limits were derived for its importance.

Other organic materials in cement include the ever-
present additives. Based on preliminary experiments,
two classes of substances, naphtalene- and lignine-
sulfonate were selected for detailed further investiga-
tions. Their isotherms show classical Langmuir sorp-
tion behaviour. A third additive under investigation is
gluconate which is being used for waste conditioning
at PSI. Its sorption can be described by a two-site
Langmuir isotherm. In the presence of gluconate,
sorption of Eu(lll) and Th(IV) on cement is reduced but
at considerable higher gluconate concentration than
had been observed with calcite.

Opalinus clay is the preferred choice of host rock for a
high-level waste repository. Therefore, the PSI investi-
gations of clay rocks were considerably extended and
PSI is now a Supporting Research Organisation within
the Mont Terri Project. The pore water composition of
opalinus clay was evaluated based on in-situ rock
leaching experiments. Whereas modelling of the
leaching experiments can reliably predict the concen-
trations of Na, Mg, Ca and Sr, laboratory data are in-
sufficient to uniquely define the carbonate chemistry.

Sorption measurements of Cs, Sr, Ni, Eu and Th on
Opalinus clay were complemented by investigations of
sorption mechanisms on individual minerals such as
montmorillonite, kaolinite and illite. The experimental
methods include, besides aqueous chemistry analysis,
surface investigations by TEM and EXAFS, in co-
operation with CEA and FZR, respectively. Agreement
of isotherms and pH edges with the previously devel-
oped model is very good.

Opalinus clay may act as a semi-permeable mem-
brane, and thus irreversible thermodynamic (Onsager)
processes could promote radionuclide transport. Of
particular concern is osmosis. It has now been shown
that thermal osmosis does not take place in isolation,
and its contribution is cancelled by a corresponding
change in Darcy flow to maintain conservation of water
in the considered volume.

Modelling transport in fractured media proceeded on
two lines. First, the new version of the PICNIC code
was further verified and a method developed for effi-
ciently dealing with large fracture networks. Secondly,
PSI continued its participation in the Aspo Task Force
on transport modelling. Once more, blind predictions
compared generally well with experiments. For mod-

erately sorbing tracers a careful consideration of flow-
path structure and mineralogy was necessary, stress-
ing the necessary interaction between scientists of
different disciplines.

Severe Accident Research

This research seeks a better understanding of phe-
nomena during severe reactor accidents to estimate
more accurately radioactive releases to the environ-
ment (source terms) and to assess proposed Accident
Management Measures.

Together with the HSK and with the financial support
of the UAK, PSI is a partner to the international project
PHEBUS-FP for the quantitative determination of the
fission products that could be released during a core
melt accident. The central zone (21 rods) of the core
of the PHEBUS research reactor in CEA-Cadarache
has been designed in such a way that cooling can be
reduced so that the central fuel pins are damaged and
melt down. Two tests (FPT-0 and FPT-1) have been
already performed. In the third test (FPT-4), a bed of
core fuel and cladding debris will be heated up so
strongly, that a pool of molten core will form and a par-
ticularly high release of fission products will occur. In
order to be able to measure them and to avoid trans-
port to the rest of the facility, the fission products and
other materials released in form of particles will be re-
tained completely in sintered ceramic filters. These
filters must be capable of trapping all of the particles
but should not present a high flow resistance after be-
ing loaded. They must also operate effectively at tem-
peratures above 1000°C. In view of the high costs of
this experiment (50 MCHF), the careful selection and
testing of these filters is crucial. The DRAGON facility
at PSI was used to generate the aerosol particles,
which were transported in a flow of gas at 1000°C
through the PHEBUS-filters on which the retention
was measured precisely. After a series of tests of vari-
ous filters at room temperature, the filters were tested
at a gas temperature of 900°C. Two further tests at
250°C were performed on a full mock-up of the FPT-4
experimental filter system and on the valves regulating
the flow path to the filters. The design of the valves
had to be modified, as they were affected by the aero-
sol particles. Corresponding tests at 900°C were per-
formed successfully. Thanks to these test results,
FPT-4 can be performed in 1999 [Dehbi].

PSI, HSK, KKL and KKM have submitted a common
proposal for a core installation in PHEBUS FPT-3, that
would be representative for a BWR. A French proposal
was in favour of a PWR-related test. In November
1998, experts from France, Germany and the EU met
at PSI and agreed on a compromise proposal that was
accepted by the PHEBUS Steering Committee in De-
cember 1998. Thus, experiment FPT-3 will be typical
also for BWRs with B4C control rods.



Components Safety and Damage Analyses

The components safety project investigates the struc-
tural integrity of safety relevant NPP components with
particular emphasis on ageing processes. The influ-
ence of mechanical loads and environmental condi-
tions (water chemistry, irradiation) on microstructural
material modifications, their early identification and
prediction of damage by means of advanced detection
methods (micromagnetics, neutron diffraction, SANS)
and analytical models are the primary research topics.

The Stress Corrosion Cracking (SCC) subproject,
which is financially supported by HSK, investigates the
behaviour of reactor pressure vessel (RPV) steels ex-
posed to reactor cooling water during operation. A
major task is the acquisition of qualified quantitative
data on crack growth due to SCC under normal oper-
ating conditions of a boiling water reactor (BWR). Un-
der conservative experimental conditions, only slow
crack growth occurred (<1CM1 m/s (<300 ji/year) under
static loads. A fast SCC crack growth (>1 cm/year)
was observed sporadically, but only with highly con-
taminated water clearly beyond BWR normal operating
conditions or with strongly overloaded samples
(>80 MPa m1/2). To check and qualify more recent
data on corrosion assisted crack growth under BWR-
conditions, an international round robin test was per-
formed between 1996 and 1998 in collaboration with
the Technical Research Centre VTT (FIN), the MPA
Stuttgart and Siemens KWU (both D). No technically
relevant crack growth was observed in any of the ex-
periments in all the laboratories. PSI's experimental
data bank on SCC of RPV steels under BWR-
conditions is currently one of the most comprehensive
world-wide (= 800 data points). The PSI data were
made available to EPRI that is currently developing, in
collaboration with international experts, disposition
lines to assess the structural integrity of NPP compo-
nents. On the basis of the insights gained experimen-
tally, an existing SCC-model was further developed.
This model consists of three parts, one for the resolu-
tion cell, one for the substance transport in the crack
channel and one for the local mechanical processes at
the crack tip. Results using the existing models sup-
port the experimental findings, i.e. that under static
load in hot water of high purity crack growth is limited
in time and comes to a standstill after loading. The
work was continued to include transient and cyclic load
and investigations of welding seam samples.

One of the topics investigated by the REVISA project
within the 4th EU Framework Programme is the
transfer of the deformation behaviour and failure crite-
ria of small laboratory samples to thick-walled compo-
nents. PSI's contribution includes extensive experi-
mental work with various bend and tensile samples,
microstructural investigations on phase transformation
of RPV steels and verification of advanced damage
models. Measurements of the deformation behaviour
of the largest bend and tensile samples have been

completed. Manifold results of samples with different
notches, strain rates and temperatures were obtained.
The local strain fields in the vicinity of the notch was
determined using strain gauges, an optical exten-
siometer and a Speckle interferometer. Measurements
were applied directly at the notch ground. They pro-
vide information about the place and the load of the
crack emergence. The results of the large samples are
used as reference data for all subsequent investiga-
tions on small and medium-sized material samples as
well as a basis for the verification of the damage me-
chanics models. The investigations on phase trans-
formation of RPV steel at higher temperatures (600-
1000°C) were completed. Microstructural changes and
the physical properties in this temperature range were
studied by measurement of the thermal elongation, the
electrical resistance, and by metal log raphic examina-
tions. It was established that the transition from ferrite
to austenite does not take place abruptly but in a
broad temperature range from 600°C to 800°C and
depends on the particular RPV steels (German,
French, Russian). The microstructural investigations
show strong dependence on the chromium content
[Krompholz].

Large facilities in NES

The hot laboratory, one of PSI's large research facili-
ties, is operated by the LWV and used to experimen-
tally characterise properties of highly active compo-
nents of reactor cores. Specifically the goals of this
work lie in identifying the corrosion and damage proc-
esses of fuel cladding and metallic structural compo-
nents, and the preparation of homogeneous ceramic
materials for actinide transmutation. Further, it pro-
vides the necessary laboratories for experimental in-
vestigations conducted in the framework of the Waste
Management Programme.

The latest research targets reached in the hot labora-
tory were completion of post irradiation examinations
for BWR fuel showing enhanced corrosion underneath
the spacers, in burst testing of fuel cladding specimens
to assess their radiation induced loss of ductility, and
in analysing the microstructure (secondary phase par-
ticle distribution) of irradiated fuel cladding. Regarding
the development of ceramic materials for improved
transmutation of actinides in LWRs, two international
irradiation projects have been defined. In addition,
characterisation of the leaching behaviour and thermal
conductivity of an inert matrix fuel was continued.

The safety related and analytical infrastructure was
again improved by finalising the development of a new
electronic accounting and information system for fissile
material and finishing the shielding work for the sec-
ond generation SIMS equipment, a tool which allows
to measure local concentrations of trace quantities of
isotopes.



Use of other large PSI facilities

NES is investing considerable effort in preparing the
future use of other large research facilities, namely
SINQ and SLS. Significant progress was achieved in
the determination of sorption mechanisms of radionu-
clides in waste repository systems using X-ray absorp-
tion fine structure (XAFS) spectroscopy. The XAFS
measurements were performed at the beamline X11A
of the National Synchrotron Light Source, Brookhaven)
and at the Swiss-Norwegian beamline (European Syn-
chrotron Radiation Source, Grenoble). XAFS research
focused on the chemical processes responsible for the
uptake of Ni on montmorillonite, an important backfill
material. The XAFS measurements revealed the slow
formation of a Ni nucleation phase in the clay over a
period of days to months. This finding suggests that
the mobility of Ni is reduced when the radionuclide has
been in contact with the backfill material over a longer
time period. Another major milestone was the commis-
sioning of the Rossendorf beamline (ROBL) at ESRF.

This is specifically designed to handle active sub-
stances and NES has a collaborative research con-
tract which wi\\ guarantee beamtime at ROBL in the
near future.

National and international collaborations

All NES-activities are intensively and specifically em-
bedded in national and international co-operations.
One or both of the two Swiss Federal Institutes of
Technology is always a partner in NES' research ac-
tivities. Four NES projects form part of EC-supported
projects. All the important European research centres
and the most important ones in the USA and in Asia
are direct partners of several projects. NES maintains
a high profile and is a major partner in international
activities within the IAEA and the OECD/NEA. Paying
partners among the industrial organisations include the
domestic utilities (UAK) and all the main reactor and
fuel manufacturers. The following table lists the col-
laborations by project.

GaBE:

Advanced Fuel
Cycles

LWR-PROTEUS

STARS

ALPHA

LWR-Contamination

EDEN

Waste Management

Severe Accidents

Components Safety

• ETHZ, EPFL, MIT
• OECD/IEA, IAEA- and OECD/NEA-Programmes
• VSE, COGEMA (FR)

. EPFL
• CEA (FR), JAERI (JP), KAERI (KR), OECD/NSC and Halden (NO), NRG (NL)
• UAK, JNC (JP), international fuel programmes (GEMINI, FIGARO, ARIANE).

• EPFL
• CEA (FR)
• UAK, ABB-Atom (SE), Siemens (DE), Studsvik-Scandpower (SE)

. EPFL, Purdue Univ. (US), Valencia Univ. (SP), Chalmers Univ. (SE),
Penn State Univ. (US)

• EPRI (US), GRS (DE)
• UAK, Studsvik-Scandpower (SE)

• ETHZ
• EU Framework Programmes
• EPRI (US), GE (US), Siemens (DE), UAK.

• lAEA-Wacol
• VGB (DE)

• EPFL
• CEA (FR), IPSN (FR)
. ABB-Atom (SE), EPRI/NFIR (US), COGEMA (FR), Swiss NPP operators

• ETHZ
• FZK (DE), FZR (DE), CEA (FR), EU Framework Programmes
• Nagra, PNC (JP)

• ETHZ
• EU Framework Programmes, GRS (DE), CEA (FR), US NRC (US), FZK (DE).
• UAK, EPRI (US), Framatome (FR), AEA Technology (GB), Siemens/KWU (DE),

Sulzer

• ETHZ
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OPTIONS FOR NEW SWISS ENERGY SUPPLY STRATEGIES

U. Gantner, S. Hirschberg, M. Jakob 1

Ecologically neutral, cost efficient, without supply shortages, independent from foreign countries, risk- and
waste-free - that is the image of an ideal future energy supply. But even if considerable ecological and
economical improvements of various energy supply options can be achieved, the next generation of heat
and power plants with the associated up- and down-stream parts of energy chains, will not comply with all
such idealistic requirements. As research in the framework of the GaBE Project on "Comprehensive
Assessment of Energy Systems" has shown, among the reasons for this are the limited medium term
potential of renewable energy sources, and the necessity to employ primarily non-renewable energy
carriers for the emerging more efficient energy conversion processes.

1 INTRODUCTION

Human interventions that disturb the natural processes
and networks are unavoidable in a highly industrialised
society. This also applies to the use and supply of heat
and electricity. Apart from considerate usage by the
consumer, the appropriate choice of energy sources
and chains can promote developments towards maxi-
mum environmental and economic sustainability. In
the frame of the project "Comprehensive Assessment
of Energy Systems - GaBE" different future energy
systems for the production of heat and electricity were
studied [1]. This activity developed into a major part of
the "Dezentral" project whose objective is to investi-
gate possibilities, limits and impacts of a more decen-
tralised energy production, by means of co-generation
(combined heat and power - CHP) plants and the ex-

,tended use of heat pumps (HP). The "Dezentral" proj-
ect is an extension of "Vorschau 1995", which consid-
ered alternative means of centralised electricity pro-
duction [2,3]. The contributions of PSI to both these
projects were provided within the frame of research
co-operation with the Swiss Association of Producers
and Distributors of Electricity (VSE).

Chapter 2 introduces the methodology of the treatment
of energy scenarios and associated problems arising
from CHP plants. Chapter 3 deals with the technical
and economic parameters of future energy systems.
The Swiss electricity and heat demand for the year
2030 is modelled in chapter 4. Chapter 5 compares
different energy supply options with respect to their
ecological and economic performance.

2 METHODOLOGY

2.1 Overview

When CHP plants are considered as part of the analy-
sis of the future electricity supply, it is necessary to
split pollutant emissions and costs between the two
products (electricity and heat) in order to assure a fair
comparison. As these allocations between heat and
electricity are subject to arbitrariness we adopt in the
Project "Dezentral" a broader approach which lumps
together the future demand for heat and electricity.
Thus one avoids arbitrary allocations which would lead
to considerable differences depending on the choice of
specific criteria.
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Fig. 1: Variation of results obtained for selected emis-
sions to air using a number of allocation crite-
ria. The emissions are normalised by pro-
duced energy and are based on a Life Cycle
Assessment (LCA) of a current CHP plant op-
erating in a residential area.

In the figure above the criteria "Energy" and "Exergy"
split the total emissions of the whole energy chain ac-
cording to the energy and exergy content, respectively.
If the main interest lies in electricity as the product
(e.g. the by-product heat is not used), all emissions
and expenses are loaded onto electricity ("Electricity").
Another option which is often used is to consider the
granting of bonuses for the substitution of existing
plants. Depending on the ecological performance of
the system to be substituted these merely fictitious
emissions turn out to be higher or lower for the CHP
plant (substitution of an oil boiler or of a heat pump). A
third method, "Increased consumption", compares the
production of useful heat from a conventional heating
system and with a CHP plant. Because of their lower
thermic efficiency CHP plants consume more fuel. This
additional use of fuel is allocated to the electricity pro-
duction. This method of comparison is subject to cer-
tain limitations, e.g. the same fuel has to be used.

From an ecological point of view, the use of allocation
method for the comparison of energy systems has lim-
ited relevance. In the case of combined heat and
power production other aspects seem to be much
more important than the distribution of emissions and

Energy Systems Analysis (ENE) PSI
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costs between the products. Thus, the energy carriers
used should be optimally transformed, the energy pro-
duced used effectively and the total emissions and
costs minimised. Consequently, within the "Dezentral"
project all energy scenarios were evaluated on the ba-
sis of the associated demand of both electricity and
heat without any weighting between them.

Three steps can be distinguished in the approach used
in the study [1]:

• Definition of boundary conditions for Switzerland:
possible developments of the electricity supply and
the heat production parks.

• Analyses of energy systems (regarding technical
and economical developments and their market
prospects), of the building park (regarding refur-
bishment and substitution rates) and of future sup-
ply options. The consistent comparison of plants
and supply options reflects technological advance-
ments expected to be fully available for the imple-
mentation in the period from 2020 to 2030.

• Discussion of results and of further criteria essen-
tial for decision-making.

2.2 Boundary Conditions

In addressing the future heat and electricity demand, a
wide spectrum of boundary conditions is considered.
These are, concerning electricity, the development of
the current power plant park, lifetime of the plants, the
availability and market expansion of new technologies
and the development of the yearly consumption.
These elements define the future electricity supply
deficit due to retirement of the currently operating
systems, which will be covered by one of the options
being considered.

The future heat supply needs (space heat and hot
water) can be assessed quite reliably, based on the
current building park, the construction and refurbish-
ment rates and specific improvements of the energy
relevant features of these buildings. The demand for
process heat depends on general economic develop-
ments, and is therefore more difficult to predict and is
subject to larger uncertainties. The projected devel-
opments are based on studies made in connection
with the "Energy Perspectives" activities of the Swiss
Federal Office of Energy [4].

Thus, we first generate a consistent set of data which
defines the electricity supply gap and the heat demand
expected for year 2030, including the more detailed
demand specification within the various categories in
different energy consumption sectors.

2.3 Analyses
Starting from the structure of the building park, which
is divided up into categories, the compatible future
heat and CHP plants for covering the demand are de-
fined and their technical parameters specified. The
characterisations of central power plants for the pro-

Future Energy Systems

Hydro
Nuclear
Fossil
Others

Renewables

Technology 1 Realization Costs Properties
Development I - <* Buildings

Macro Economic
Optimization

Energy^ ""^ Con-

Fig. 2: Schematic presentation of the analysis.

duction of electricity can be taken over from earlier
studies in the framework of the GaBE Project [2].

i) To guarantee fair ecological comparisons of energy
systems, the whole energy chains are examined by
means of a Life Cycle Assessment (LCA), whose
scope stretches from the extraction of raw materials
over their processing/refinement to the use in a power
plant and the treatment of waste. An LCA aims at a
comprehensive account of the flows of materials oc-
curring within the various stages of the chain and their
way into the environment. Therefore, not only the op-
eration of the plant itself, but also the emissions
caused during the construction and decommissioning
phases must be taken into account. Furthermore, the
direct and indirect emissions are integrated in the cal-
culations. Direct emissions are generated by the op-
eration of power plants and facilities processing the
fuel, as well as by operation of machines used during
plant construction and by transportation systems. Indi-
rect emissions are mainly associated with the produc-
tion of construction materials, with energy consump-
tion in connection with the development of infrastruc-
ture, as well as with different industrial processes.

ii) On the side of economy, the full cost is calculated.
Investments which have to be made at different points
in time are expressed as costs per year, considering
the specific lifetime of the components. The allocation
of specific costs to the two products heat and electric-
ity can be avoided in the examination of combined
electricity and heat options by comparing the total
costs of the alternative supplies. But also the compari-
son of specific electricity generation costs of different
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plants can be of interest. In this case the heat of the
CHP plant is evaluated in relation to the marginal costs
of heat generation, that is, using the full generation
costs of a conventional heating system.

iii) When assessing the total supply options for Swit-
zerland, especially when allocating plant shares to the
specific categories, along with the construction and
refurbishment rates, other parameters must be con-
sidered. These include not only the development of the
investment and operation costs but also construction
costs associated with the substitution of old heating
systems by new technologies (e.g. co-generation). In
the case of CHP, so-called cost-levels were defined,
taking into account construction and implementation
costs that can differ considerably depending on the
building. Apart from that, the economic factors affect-
ing the different categories must be considered.
Evaluating all these factors, the quantities of CHP
plants and heat pumps given by the top-down ap-
proach are apportioned, as realistically as possible, to
the different building and industrial application catego-
ries. In this context one must not ignore that the as-
signments of thermal and electric power levels based
on energy-relevant properties of buildings do not re-
main constant with time. A first simplified economic
potential for CHP plants in Switzerland has been de-
fined with the help of the energy-economy optimisation
model MARKAL. The results are used to support defi-
nition of the options. Further, detailed analyses are
planned in the framework of the GaBE Project.

2.4 Results and Decision Support

Although total emissions and residuals associated with
the full energy chains are only a surrogate measure of
environmental impacts, they give a hint as to the
"ranking" of the different options. To be able to say
more about the environmental effects, the situation at
the place of emissions as well as local/regional and
temporal influences such as topography and weather
conditions must be considered. These aspects are all
being considered in detail in the GaBE Project. Nev-
ertheless, the comparison of total emissions of differ-
ent energy supply options can be viewed as an in-
structive method for the strategic evaluation of future
energy supply strategies. For the nine defined future
options the greenhouse gas emissions (CO2, CH4,
N2O and CFC, expressed according to IPCC 1996 in
CO2-equivalent for a time horizon of 100 years) and
the emissions of air pollutants CO, NOX, SOX, Non-
Methane Volatile Organic Compounds (NMVOC) and
particulate matter, were estimated.

Besides the environmental effects, the economic effi-
ciency plays an important part in the planning of a fu-
ture energy supply. Therefore, the annual costs of the
supply options were calculated. The production costs
together with other factors indicate in which direction it
would be desirable to change the boundary conditions,
in order to optimise the allocation of resources. A
comprehensive assessment covers not only ecology

and economy, but numerous other factors such as se-
vere accidents risks, preservation of natural resources,
security of supply, socio-economic aspects etc. Within
the GaBE Project a large scale multi-criteria-analysis
approach and tools are being developed, aiming at
combining the criteria.

3 PARAMETERS OF FUTURE TECHNOLOGIES

3.1 Technical parameters

The ecological analysis of the energy supply options is
based on 16 CHP plants; the performance scale cov-
ers smallest applications for use in one-family houses
up to industrial plants of 30 MWe. Natural gas and oil
are used as fuels. For engine driven CHP plants one
has to differentiate between lean and stoichiometric
combustion as well as different ignition technologies,
taking into consideration the corresponding abatement
technologies which become legally required. Further-
more, LCA was carried out for a natural gas driven
high temperature fuel cell, providing domestic heat and
hot water.

akg(CO2-equiv.y
kWhth

BCHP
Electricity/Heat
Ratio

stochiometric lean a

Matural Gas
Motor

Fig. 3: Comparison of co-generation systems: green-
house gas emissions and produced amount of
electricity per unit of thermal useful energy [1].

Modern co-generation systems with an electrical
power level of several hundred 100 kW upwards show
a trend towards increased electrical efficiency of 40 to
50 % or more with total fuel utilisation factor of 80 to
90 %. Small engine driven systems, so-called "Mini-
CHP-plants", will remain at a relatively low electrical
utilisation of 25 %. For these systems a major innova-
tion is a new control system which eliminates the need
for a conventional back-up system (to cover the peak
heat demand during only few hours per year). The
high temperature solid oxide fuel cell (SOFC), still in
test phase, combines several advantages. Despite low
power level, electrical efficiency of more than 50 %
and a total fuel utilisation of up to 100% can be
achieved. In addition, only traces of air pollutants, such
as NOX, CO, NMVOC and particles, are generated in
the cells when the fuel is catalytically converted. The
extremely low noise levels and the excellent load fol-
lowing performance are other attractive features of this
system.
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Apart from CHP plants, the project covers modern fos-
sil boilers (with a yearly efficiency of 92 to 102 %) for
the pure heat supply, and heat pumps with varying
heat sources and maximum yearly performance coeffi-
cients of 4.2 (air), 5 (ground), 5.5 (water) and 6 (waste
heat). Modern Gas Combined-Cycle (CC) plants with
electrical efficiency of 60 % and advanced light water
reactors are selected as central electricity supply sys-
tems included in the different supply options.

3.2 Economy

The focus of the economic study has been on two
factors, i.e. (i) the influence of the relevant building
characteristics on the costs (ii) the specific develop-
ments due to technical advancements.

i) Besides the costs for the CHP plant module, addi-
tional costs arise from the necessary periphery and the
complete installation. These costs are typically about
as high as the module costs. The influence of building
parameters, such as the extent of refurbishment, the
age of buildings and available space, on feasibility and
costs of co-generation projects has been studied in
detail. For this purpose the building categories were
subdivided into three homogeneous groups with re-
spect to co-generation costs. Some buildings are not
classified since the feasibility of CHP plants is ques-
tionable; this applies to 20 to 25 % of the fully refur-
bished buildings and to 25 to 30 % of the non refur-
bished ones. Cost-level I corresponds to the lowest
costs, cost-level II to intermediate and cost-level III to
the highest. 25 % of the not refurbished and 30 % of
refurbished buildings belong to cost-level I, while the
corresponding figures for cost-level II are 30% for
both cases. The remaining buildings fall into cost-level
III. These results (Tab. 1) are based on an evaluation
of some hundreds of implemented or proposed CHP
plants exceeding 70 kWe [5].

In relative terms, the non refurbished buildings follow
the same pattern. Slightly unexpectedly, the absolute
level is lower by 10 to 15 %. This can be explained by
the fact that in not refurbished buildings, the higher
demand for heat, means that bigger and thus more
cost-efficient (per kWe) stations can be installed.

Table 1: Gross specific investment costs of gas-
driven CHP plants for new and for three cost
levels (CL) for refurbished buildings for the
year 2030; REA: Reference Energy Area.

Building
size
REA (m2)

8500
21000
60000

Cap.
kWe
(ca.)

95
250
870

Investment
new B.

2.5
1.9
0.9

Cost (thsd sFr/kWe)
refurbished Buildings

CLI
2.5
2.0
0.9

CLII CL III
3.0 4.6
2.3 3.1
1.0 1.3

As far as heat pumps (HP) are concerned the influ-
ence of buildings indirectly impacts the economic pa-
rameters through the different outlet temperature of
the heating distribution system. The attainable thermal
power level and efficiency of an HP may decrease by
as much as 40 % and 25 %, respectively. The invest-
ment and electricity costs rise correspondingly at these
low efficiencies. Apart from that, there are big differ-
ences in the costs of tapping the heat source.

ii) When considering the evolution of costs with time
technical improvements must be recognised. In a mar-
ket characterised by growing competition, prices for
power plants cannot be expected to rise. Customers
(i.e. plant operators) can thus profit from the technical
improvements (see section 3.1) and the corresponding
cost elements are likely to decrease accordingly.

• For CHP plants increases in efficiency are ex-
pected to lower module, operational and mainte-
nance costs, particularly since a dominant mainte-
nance cost element is the replacement of the motor
after about five years. The effect is bigger for
smaller stations, because an increase in efficiency
compresses the specific cost curve, which leads to
bigger differences at the steep part of the curve.

• For heat pumps the efficiency improvements lead
to corresponding cuts in electricity costs. For
smaller heat pumps the cut in capital costs
achieved by technical improvements and benefits
of replication (about -15 % for the HP, [6]) is just as
important.

Furthermore, it must be taken into account that the
allocation of plants to building categories changes in
time. The gross power level of the plant can be re-
duced slightly by improved insulation of the building:
e.g. for CHP plants this slightly counteracts the above
mentioned trend of the power-specific cut in costs.

When comparing generation costs it has to be kept in
mind that the energy economic value of the generated
electricity could vary from one technology to another.
Electricity from CHP plants, but also CC based elec-
tricity that is produced mainly in winter season has a
higher economic value than electricity from power
plants with predominantly base load characteristics.
Furthermore, electricity from CHP plants is produced
at a lower voltage level which is closer to the consum-
ers. Additionally, CHP plants are able to contribute to
the network services. There is a variety of opinions
about the economic value of these items, with a range
from nearly zero up to 6 Rp/kWhe.

The production costs of the central fossil plants are
sensitive to fuel prices: an increase by 30 % leads to
20 % higher production costs. There is a similar sensi-
tivity of the costs of nuclear power production to the
investment costs: a variation by 1 '000 CHF/kWe results
in changes in production costs by 0.8 Rp/kWhe.
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Fig. 4: Electricity generation costs in year 2030. Low:
new buildings and CL I for existing buildings
incl. hwg (hot water generation). High: CL III
for refurbished buildings without hwg. Central
fossil plants Low: 7'300 hours/year, High:
4'500 hours/year (comparable to CHP). In-
vestment cost for central Combined Cycle
(CC) plants: 750 CHF/kW, for Nuclear Plants:
3'500 CHF/kW.

4 MODELLING OF THE ENERGY SUPPLY
FOR THE YEAR 2030

4.1 The model electricity

It is quite straight-forward to predict the electricity sup-
ply of the present plant park (operating plants) until the
year 2030. The assumed base supply of about
38'600 GWh, consists of hydropower (32'300 GWh),
smaller thermal plants (4'500 GWh) of which about
one third are fuelled with renewable energy carriers,
photovoltaic plants (100 GWh) and the remaining from
import contracts (1700 GWh). It is assumed that the
currently operating nuclear power plants will be de-
commissioned at the end of their expected operation
lifetime of 40 years and that no new import contracts
with foreign countries will be signed. The technically
realisable potential of new renewable energy sources
such as wind, biomass and geothermal has been
evaluated by PSI in the framework of the SATW study
CH50% for the time horizon 2020 [7]. 3'000 GWh is
the estimated optimistic potential of these sources.
Under favourable conditions this potential could be
realised, with almost 60 % of it originating from the use
of biomass, e.g. in waste incinerators. These figures
were not fully used in the "Dezentral" project due to
the underlying highly uncertain assumptions (e.g.
geothermal plants are totally novel for Switzerland)
and the magnitude of effort needed for the assumed
expansion of photovoltaic and wind plants.

The efficiency improvements on the demand side,
changes in the structure of economy, the increase of
population and the further spread of automation proc-
esses in the industrial and commercial sectors are
factors which influence the long-term development of
the electricity demand in a complex way and which

sometimes show competing effects. Under the as-
sumption of a positive economy growth, the scenarios
"high demand" and "low demand" have been studied
in [3]. The consumption of electricity is assumed to
grow by 2 % (1 %) per year until the year 2010 and
then by only 1 % (0.5 %). Fig. 5 shows that even if the
electricity consumption would stagnate on the today's
level there will be a supply shortage starting from the
year 2020.
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Fig. 5: Electricity supply (split up into hydropower,
domestic nuclear & fossil plants and nuclear
energy imports); Development of the effective
electricity consumption of the last years as
well as the development of supply and de-
mand until the year 2030 according to [3].

The Project "Dezentral" uses the postulated "low de-
mand" as the reference. This implies an electricity
shortage of 27'000 GWhe by 2030. Energy policy
strategies and publicly acceptable solutions must be
developed to cover this gap, especially if parts of the
shortage are to be covered by smaller decentralised
plants.

4.2 The model heat

While the current electricity demand is covered by a
relatively small spectrum of power plants, the heat
production occurs mainly by means of a wide variety of
decentralised plants. This means that heat is primarily
directly produced by the users. The relatively more
complex structure of the heat supply makes the corre-
sponding modelling more difficult and broader in scope
than in the case of electricity supply.

In the first step the total yearly heat demand of about
340 PJ, where 1 PJ = 278 GWh, is divided into the
process heat and low temperature heat. The space
heat and hot water generation (260 PJ) is addressed
by a bottom-up representation of the energy demand.
The expected development of the relevant character-
istics of the building park up to year 2030 is based on
predicted Reference Energy Areas (REA), the refur-
bishment rates and the projected evolution of specific
useful energy (MJ/rrf/a) for buildings [8,9].

Thanks to the continuous refurbishments and energy-
related improvements of new buildings, the total Swiss
useful energy demand in year 2030 is expected to re-
main at the level of 1990, in spite of the projected REA
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increase by 38 %. The end energy consumption will be
simultaneously reduced by 15 % due to the efficiency
improvements [4].

In order to enable the allocation of appropriate heat
systems, the building park was additionally divided ac-
cording to sizes (expressed in REA), based on a num-
ber of statistical sources (Fig. 6) [8]. This leads to
seven classes based on the energy-relevant areas and
five classes based on the status of the buildings.
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Fig. 6: The total Swiss useful heat demand (excluding
conversion losses) for space heat and hot
water in year 2030, according to REA and
building status.

Since co-generation is of high interest for industrial
applications, the process heat demands for various
industrial sectors were considered, with more detailed
division into various temperature and enthalpy bands
[10]. Of the total 80 PJ, the "base" development al-
ready covers 18 PJ, of which about 10.5 is supplied by
co-generation. The remaining process heat is open for
new supply options.

A "base" development was also assumed for low tem-
perature heat (space heat and hot water). The renew-
able sources are expected to take a larger part of the
market consequently reducing the fossil share. Analo-
gous to the electricity supply the SATW expert group
addressed the feasibility of heat supply by means of
enhanced use of renewable sources [7]. According to
the PSI-study a maximal increase from the current
18 PJ to 61 PJ is feasible. The "base" development of
space heat supply includes 20 PJ from biomass, 24 PJ
from heat pumps, 5 PJ from solar collectors and 8 PJ
from CHP plants. In addition, it is assumed that the
contribution from electrical heat will be reduced by
50 % to 8 PJ. The remaining need for low temperature
heat, potentially open to new supply options, corre-
sponds to 195 PJ.

The total heat demand treated in connection with the
studies of decentralised options as above is almost
258 PJ.

5 ANALYSIS OF SUPPLY OPTIONS

5.1 Definition of the future supply options

Starting from the basic data outlined in the preceding
chapters it is possible to define various energy supply
options and to compare the associated economic im-
pacts and ecological burdens. A fundamental condition
for this comparison is that the various options provide
equal benefits in terms of useful energy. The electricity
generation should follow more or less the same load
characteristics.

The assumed base development (see section 4.1 and
4.2) is common for all options and therefore not in-
cluded in their definitions. The options are divided into
four groups:

• For the first three options the heat supply is based
on conventional fossil systems. The electricity gap
is covered by large central plants (A: 100 % Com-
bined Cycle (CC); B: 100 % Nuclear; C: Nuclear as
today, the remaining part CC).

• Within options D and E 5 TWhe are supplied by co-
generation. The remaining part of the electricity gap
is covered by CC (D) or by nuclear (E) alone. The
remaining heat demand is supplied by conventional
fossil systems.

• Options F and G supply the same electricity contri-
butions from CHP plants as options D and E. The
goal is, however, that the CHP plants deliver so-
called "CO2-neutral" electricity. This is achieved
through the substitution of conventional fossil
heating systems by HP. The latter are driven with
the electricity generated by CHP systems.

• Options H and I supply the same amount of heat
from HP as F and G. The difference is that the cor-
responding electricity is supplied by central plants.

Within all options the oil and gas shares were specified
according to common rules. Thus, the conventional
fossil heating systems are driven by oil and natural gas
(2/3 and 1/3, respectively), while for the CHP units the
corresponding shares are reversed (1/3 and 2/3, re-
spectively). The fossil CC plants use 75 % natural gas
and 25 % oil.

While the electricity generating plants are to be sub-
stituted at few discrete points of time, the substitution
of heating systems is a continuous process, affected
by the ageing of the available systems and the refur-
bishment rate for buildings. When apportioning the
CHP plants (total according to Table 2) to the specific
building categories (Table 3), the heating systems re-
placement rates were taken into account along with
the production costs. According to our findings,
whether building refurbishment has been implemented
or not is of secondary importance. In order to reach
the assumed shares for year 2030, it is necessary that
the new technologies (such as Mini-CHP or fuel cells)
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are introduced into the market in the near future, and
that the implementation of the available ones is inten-
sified. In the industrial sector there is a concentration
of co-generation uses within energy intensive sectors
while facilities exhibiting high energy demand are
comparatively scarce [11].

Table 2: Useful energy (Heat, PJ) and generated
electricity (TWhe) of the assessed options.
CHP: Co-generation, HP: Heat Pumps, CC:
Combined-Cycle Plants, ->HP: Electricity
consumed by HP.

Options
Fossil Boil.

2 CHP
"3 HP
X Total

Options
x: CHP
^ CC
£, Nuclear
:« CHP->HP
o CC->HP
LU Total Net

ABC
258

DE
226
32

FG
185
45
28

HI
230

28
258

A | B | C

27
27

5
22

D E

22
22

27

F G

22
22

1.9

H I

27 5
22

1.9

Table 3: Allocation of the assessed CHP to the vari-
ous demand categories. Share of Heat Mar-
ket (SoHM) indicates share of CHP in each
heat market category. Shares and generated
electricity of "Dezentral" options are to be
read as additional to the base development.

SFH
Small MFH
Med. MFH
Big MFH
Bid. 8500 m2

Bid. 21000 m2

Bid. 60000 m2

Base

SoHM
0%
0%
1 %
2%
6%

18%
18%

Total Space Heat
Refinery
Food
Paper
Chem./Pharm.
Others

1 1 %
14%
42%
22%

Total Industr. Proc.
Other cogeneration

Total cogeneration

GWhe
20
20
30

110
310
410
510

1'420
210
100
500
400
-

1'210
670

3'300
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The bulk of the heat pump supply is predominantly
allocated to one-family houses and small and medium
multi-family houses. The share of HP supply declines
with the growing building size. The highest share of
HP (50 %) is to be found in new one-family houses.
The building attributes have a significant impact on the
economy of HPs. For this reason the variation of the
shares within specific categories is of the order of fac-
tor two, depending on the status of the buildings (new,
refurbished, not refurbished).

5.2 Ecological analysis

The criterion which is currently most used for the as-
sessment of energy supply options is greenhouse gas
(GHG) emissions. According to the Kyoto climate con-
vention, Switzerland, together with other countries,
committed itself until year 2000 to reduce GHG-
emissions to the level of 1990; this should be followed
by a further reduction by 8 % until year 2010. Thanks
to the economic stagnation and mild winter weather
the GHG-emissions were more or less stabilised in the
middle of the nineties and now amount to 53 million
tons per year, of which transport (without air plane fuel
for international transport) makes up 15 million tons
per year, and households, service and commercial
industry 17.5 million tons per year. As the Swiss elec-
tricity is almost entirely generated by nuclear and hy-
dropower plants, the electricity sector contributes only
a negligible part to the overall Swiss GHG inventory.
Contrary to the national GHG statistics, in the
"Dezentral" Project the estimates of the emissions
cover full energy chains and include both direct and
indirect contributions. Therefore, the emissions calcu-
lated for the different options are not directly compara-
ble to the statistics.

Figure 7 shows the contribution from each system for
the nine postulated future energy supply options and
the total GHG emissions. The specific contributions
from electricity generation, CHP and heat generation
are illustrated.

n
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Fig 7: Option-specific greenhouse gas emissions per
year according to (IPCC 1996).



18

Options A, B and C with conventional fossil heating
systems exhibit the expected dependence on the
choice of central electricity generation source, with B
closely corresponding to the present situation.

Provided that electricity production is based on fossil
sources, CHP plants can slightly reduce the GHG
emissions. However, the positive influence of addi-
tional HPs is much stronger.

Given a continued coverage of the electricity demand
by nuclear complemented by CHP plants the GHG
emissions grow by almost 10 % compared to the nu-
clear electricity combined with conventional fossil
based heating. In the "CO2-neutral" CHP-HP options
the amount of GHG from CHP plants and conventional
heat plants was fixed at the level of option B. There-
fore, for these scenarios the primary interest is to cal-
culate the additional electricity needed and the corre-
sponding burdens due to other air pollutants.

If options with mainly fossil based generation are com-
pared to nuclear options (CHP included) the GHG
emissions are between 30 and more than 50 % higher.

If the amount of HPs needed to reach the "CO2-
neutrality" of CHP plants is not changed and electricity
is generated with central stations solely (options H and
I), the GHG emissions are increased slightly (option
H), compared to option F. A mixed electricity genera-
tion (option I) results in emissions higher by 2 % than
option B, even with an electricity generation of
6.9 TWh by CC-plants.

Although the ranking of options is not influenced, the
results of LCA calculations show that contributions of
up- and down-stream process steps can amount to up
to 20 % and, therefore, are not to be neglected. This
aspect becomes even more striking for the other ex-
amined pollutants for which the contributions that do
not directly originate from the power plant can be quite
high (NOX, SOX and CO), or even dominate the total
emissions (NMVOC and particles). In these cases
changes in ranking of the options occur.

The total SOX and NMVOC emissions depend mainly
on the proportion of oil in the defined options, while the
major part of NMVOC emissions originates from oil
extraction. Still, it can be noted that the direct NMVOC
emissions from the plants in options that include co-
generation are about 50 % higher than in other op-
tions; this may have an impact on health relevant limits
in heavily burdened areas with high population.

The emission limits for carbon monoxide (CO) and ni-
trogen oxide (NOx) a r e specified in the Swiss clean air
act (LRV). All systems addressed in the present analy-
sis meet these criteria. Nevertheless, the yearly emis-
sions of these air pollutants associated with the differ-
ent options are studied, as their environmental and
health relevance is given and the impacts of an inten-
sified use of engine-driven CHP plants should be
evaluated.

Fig. 8: Yearly CO emissions originating direct from
the plants and other sources of the entire en-
ergy chains.

The direct CO emissions are clearly highest in those
options with CHP plants. Even option A with fossil fu-
elled stations shows lower CO emissions than option E
with 5 TWh electricity produced in CHP plants. The
combination HP/central power plant mix imposes the
lowest CO burden (option I). The contribution of direct
emissions from the plants is between 32 and 52 %.

In contrast with the figures for GHG emissions, when
the electricity production is based on fossil fuels, CHP
plants can only contribute to the reduction of NOX

emissions if part of the conventional heating supply is
replaced by heat pumps.

If the supply gap is continuously filled with nuclear en-
ergy and CHP plants (option E) NOX emissions grow
by 10% relative to conventional heating and nuclear
energy production. The purely fossil options show an
increase by more than 40 %. Analogous to the figures
for GHG, HPs and nuclear power also reduce the NOX

emissions.

• Electricity (central)

IBCHP

S Heating

Fig. 9: Yearly NOX emissions originating from central
electricity production, pure heat supply sys-
tems and CHP plants.

5.3 Economic Analysis

The economic impact of the various options is ana-
lysed in terms of investment and operating costs. The
investment costs are considered first.
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Fig. 10: Structure of the investment costs of the nine
Swiss supply options A to I, with contributions
from various types of supply systems.

A remarkable feature of the economic burden is that
the investment costs into the electricity sector make
only up between 10 and 25 % of the total investment
costs of the various options. The investment costs are
dominated by heating systems. Firstly, the amount of
energy to be produced for heating is bigger than the
electrical energy; secondly, the unit costs are high for
small heating plants.

The biggest differences are between options with nu-
clear energy (B, C, E, G, I) and those without (A, D, F,
H). Referring to the total costs this results in a need for
additional investments of 20 to 25 % for options with
nuclear component when the proportion of CHP plants
and HPs are equal. On the other hand, comparing the
options with (approximately) equal nuclear share, a
steadily growing need of additional investments be-
comes evident for the options with CHP plants (D, E),
with HPs (H, I) and with the combination of CHP-HP
(F, G). However, the respective differences of 5 to
7 %, 9 to 11 % and 17 to 21 %, are smaller than the
ones earlier noted between the options with and with-
out nuclear energy.
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Fig. 11: Structure of annual costs of the nine Swiss
supply options A to I, with contributions from
various types of supply systems.

More important than the investment costs are the an-
nual costs for capital, operation and fuels. Since the
benefits of the options are more or less the same for
all (e.g. economic differences due to the long term
changes of the network structure were not taken into
account), the annual costs are an indicator for eco-
nomic efficiency.

The total yearly costs of the options are approximately
7.5 billion CHF/year. It is evident that the differences
between the options are relatively small (10% at
most). The characteristics of the differences between
the options are similar to the ones of investment costs:
the options with nuclear electricity generation are more
expensive than the comparable ones with central fos-
sil-based electricity generation. Options with HPs, with
CHP plants as well as combined CHP-HP options
show uniformly higher annual costs. The options with
CHP and options with HP swap places relative to the
ranking according to the investment costs.

The levelling of differences is caused by the fact that
the high investment costs of options with nuclear en-
ergy are discounted over a longer period than invest-
ment costs of central fossil fuelled power plants (40
and 20 years, respectively). Apart from that, power
plants with low investment costs are more cost-
intensive regarding fuel, as Fig. 12 shows (A/C, D/E,
F/G, H/l are to be compared in pairs). The yearly costs
in the central electricity production sector are between
17 and 27 % of the total for the considered options.

Capital Cost Fuel Cost

1 2 3 I 4 15 6 7
El. P. HCogener. • Heat Pumps H Fossil Boilers

Fig. 12: Structure of annual costs of the nine Swiss
supply options A to I, with contributions from
various types of supply systems and specifi-
cation of cost elements.

In all options capital costs make up almost half of the
yearly costs (40 to 50 %). Fuel costs are also impor-
tant; they account for one third up to 45 % of yearly
costs. Operating and maintenance costs, making up
around 15%, are of relatively minor importance. As
evident from Fig. 12, the differences between the to-
tals of the different options are quite small as contrary
trends tend to almost neutralise each other. This



20

means that capital-intensive plants are less cost-
intensive regarding fuel and vice-versa. As the differ-
ences of the specific generation costs of the consid-
ered systems are not very high, this is also reflected in
the total result. In addition, the costs are levelled be-
cause the options have a common basis of plants,
which makes up almost 40 % of the total. Moreover,
the total cost of the options containing CHP could be
possibly lowered when allocating more CHP to the in-
dustry with corresponding reductions in space heating
of small buildings.

6 CONCLUSIONS

Given the Swiss commitments on the national and in-
ternational level to reduce GHG emissions, the use of
fossil fuels should not be subject to an expansion. The
reduction of the uses of fossil fuels would be also fa-
vourable in view of the direct and indirect health and
environmental impacts of such pollutants as NOX) SOX,
CO, NMVOC and particulate matter. Some of these
impacts which occur under specific conditions
(tropospheric ozone during summer) are already con-
siderable.

The differences between the annual costs of the nine
options are relatively small. However, the investment
costs differ substantially; this aspect is quite important
with view to the degree of flexibility associated with the
various options. Relatively low electricity production
costs apply to the large space heating and industrial
CHPs. The specific production costs are in the first
place dependent on the power level and to a lesser
degree on the properties of buildings. It is likely that
the costs of CHPs will be further reduced - at low
power levels more than at high. Also HPs exhibit a
considerable potential for cost reductions once the in-
dustrial production of small but highly efficient HPs is
optimised.

Fuel cells open new opportunities for energy supply.
From the technical point of view the flexibility in load-
following and the fact that high electric efficiency may
be achieved independently of the installed power are
the primary benefits of fuel cells. Given the economic
break-through fuel cells could become an important
factor in electricity generation. Simultaneously, for a
given amount of heat more electricity would be gener-
ated due to the high electric efficiency, although also
more fossil fuel is needed. So, if fuel cells are installed
instead of CHPs in certain buildings, the additional
electricity will replace either nuclear or fossil based
power, and lead to a raise and a lowering of the fossil
based emissions, respectively.

The analysis of the options for the future energy sup-
ply leads to the following conclusions:

• The various types of plants or their combinations
must be always considered in the context of the
national energy supply. Comparison on the individ-
ual plant level is an insufficient basis for supporting
energy policy decisions.

• None of the considered options stands out as
clearly superior to others in respect of every im-
portant parameter.

• A mix of technologies appears attractive. However,
with respect to the decentralised options, the ex-
cessive expansion cancels some of the advantages
and the drawbacks then dominate. Thus, in the
case of renewable sources, CHP plants and HPs
their potential benefit is limited and the costs
strongly increase after the potential is realised.

Taking into account the currently expected technologi-
cal advancements some recommendations can be
made based on the findings in the "Dezentral" Project.

• Enhanced use of new renewable sources; signifi-
cant contributions can be achieved particularly on
the heating side.

• Increased use of heat pumps for the generation of
space heating given suitably favourable conditions
(low costs of small units, availability of distribution
net for low temperature heat, and/or availability of
heat source that can be easily tapped).

• Use of CHP plants in combination with modern
boilers in large buildings and for the production of
process heat.

• Use of heat pumps as a means of optimising the
consumption of fossil fuels in CHPs and reducing
the environmental burdens.

It should be noted that these statements cannot be
directly extrapolated to options beyond the ones con-
sidered within the present study.

From an environmental point of view it is highly desir-
able to continue, to a large extent, with the present mix
of sources for electricity production. The necessary
seasonal additional capacities, resulting from expan-
sion of heat pumps can be advantageously covered by
modern CC plants or CHP plants; for the latter the
conditions are favourable costs and high electric effi-
ciencies. Among the fossil options, a combination of
CC plants and highly efficient heat pumps is better
than CHP-HP combination. However, the potential for
highly efficient heat pumps is limited by the availability
of suitable heat sources and favourable building con-
ditions. Using heat pumps with lower or average future
yearly coefficients of performance, the CHP-HP strat-
egy may gain when best available technologies are
employed at the higher power level (motor driven
CHP) or when economic fuel cells become available.

Economic performance of the various options shows
differences mainly concerning investment costs. The
options with high share of nuclear have the disadvan-
tage of high capital needs but the benefit of low sensi-
tivity to fuel price changes. For the fossil based options
the opposite picture is true.

Certain economic facts have yet to be considered,
such as the effect on employment and the potential
economic gains from exploiting innovative technolo-
gies.
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Factors such as waste generation, risks of severe ac-
cidents and socio-economic aspects are pursued
within the GaBE Project which also includes an inte-
grated analysis based on a multi-criteria framework.
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FINDINGS FROM ANALYSING AND QUANTIFYING
HUMAN ERROR USING CURRENT METHODS

V.N. Dang, B. Reer

In human reliability analysis (HRA), the scarcity of data means that, at best, judgement must be applied to
transfer to the domain of the analysis what data are available for similar tasks. In particular for the quantifi-
cation of tasks involving decisions, the analyst has to choose among quantification approaches that all de-
pend to a significant degree on expert judgement. The use of expert judgement can be made more reliable
by eliciting relative judgements rather than absolute judgements. These approaches, which are based on
multiple criterion decision theory, focus on ranking the tasks to be analysed by difficulty. While these
approaches remedy at least partially the poor performance of experts in the estimation of probabilities, they
nevertheless require the calibration of the relative scale on which the actions are ranked in order to obtain
the probabilities of interest. This paper presents some results from a comparison of some current HRA
methods performed in the frame of a study of SLIM calibration options. The HRA quantification methods
THERP, HEART, and INTENT were applied to derive calibration human error probabilities for two groups
of operator actions.

1 INTRODUCTION

When considering sources for data and selecting
quantification techniques, HRA analysts distinguish
between the decision and execution components of
tasks. Failures involving decisions relate to the forma-
tion of the intention to act, that is, they relate to diag-
nosis, response selection, or more generally, to
"problem-solving". Execution failures are associated
with reading and manipulating the elements of the hu-
man-machine interface (such as gauges, switches,
and buttons), communicating, as well as following pro-
cedures, checklists, and instructions.

The data on execution failures are more or less ade-
quate, especially when compared with decision-related
failures. The probability of execution errors depends to
a large degree on ergonomic and environmental fac-
tors; it is thus possible to collect data, controlling and
documenting the quality of these factors. Data have
been collected for repetitive tasks such as manual ac-
tions in a variety of settings. In addition, experiments
can be set up to measure the reliability of carrying out
a series of actions.

On the other hand, decision-related performance
tends to be strongly situation-specific; that is, it is gen-
erally difficult to transfer empirical and experimental
data from one situation to another. In addition to the
ergonomic and environmental factors that drive execu-
tion failure probabilities, factors such as the types of
decisions and the background of individuals strongly
influence the likelihood of failure. A number of qualita-
tive tendencies of performance in decisional tasks can
be identified that apply across different situations and
domains. However, quantitative performance data for
decisions in real-world domains are scarce.

For the human reliability analyst, the scarcity of data
means that, at best, judgement must be applied to
adjust for the domain of analysis the data available for
analogous tasks in other contexts. For the quantifica-
tion of a majority of decision-related tasks, the analyst
has to choose among quantification approaches that

all depend to a significant degree on expert judge-
ment.

1.1 Expert Judgement

The simplest approach to using expert judgement in
Human Reliability Analysis (HRA) is to ask an expert
or group of experts to estimate the human error prob-
ability for the tasks of interest. The problems with this
approach, however, are well known; both judgement
under uncertainty and estimates of probabilities are
subject to a number of biases. For example, the avail-
ability bias causes the probability of events that can be
more easily remembered or imagined to be overesti-
mated. The anchoring bias causes a probability esti-
mate to be biased towards the starting value, the an-
chor, of the probability judgement, whether it is sug-
gested by the formulation of the problem or calculated
in a partial computation [1]. Other studies have shown
that these biases affect not only typical subjects but
also people trained in statistics and probability.

To some degree, the use of expert judgement can be
made more reliable by eliciting relative judgements
rather than absolute judgements. These approaches,
which are related to or based on multiple criterion de-
cision theory e.g. [2], focus on a ranking of the prob-
abilities, that is, on the relative likelihood of failures in
the performance of the tasks. While the approaches
address at least partially the poor performance of ex-
perts in the estimation of probabilities, they neverthe-
less require the calibration of the relative scale on
which the actions are ranked in order to obtain the
probabilities of interest in the analysis.

In the SLIM methodology, experts are asked to provide
judgements concerning the factors that impact the dif-
ficulty (failure likelihood) of the tasks to be quantified.
The set of judgements on the quality of the factors are
summarised for each action on a relative scale as an
index value. A calibration of the relative scale then
needs to be performed to establish the relationship
between the index and probability scales. This rela-
tionship is needed to obtain the desired failure prob-
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abilities for the actions (the human error probabilities
or HEPs).

In the work reported here, the use of HRA quantifica-
tion techniques is examined as a source of calibration
HEPs. The methods THERP, HEART, and INTENT
are applied to derive calibration values for two groups
of actions.

1.2 Background

Our overview of the HRAs in the four Swiss risk stud-
ies found that the SLIM-based analyses (three of the
HRAs) would be enhanced by further analysis of the
calibration data and possibly by the development of
new calibration data. For example, the assessment of
anchor points by HRA analysts using plant-specific
information is preferable to the current approach of
using values found in other studies. HRA methods are
options for this assessment [3]. The preliminary results
of this work have been presented in [4,5].

The starting material for this study of SLIM calibration
options is an existing HRA in which a SLIM variant [6]
was applied in the quantification of about 40 operator
actions. These are divided into seven separately cali-
brated groups, consisting of actions with a similar set
of dominant performance shaping factors (PSFs). The
calibration data for these groups consisted of one or
two HEPs for similar tasks in other PSAs and HEP
values for the bounding failure likelihood index (FLI)
values (for FLI=0 and FLI=10). Using HEPs from other
PSAs has the disadvantage that assessing the appli-
cability of the values is difficult. It requires not only
comparing the performance conditions for the actions
at the different plants but also evaluating the quantifi-
cation assumptions made in that PSA. A second
problem is that when the bounding HEP values are
treated as equivalent to calibration "data", they more
or less determine the resulting HEPs: the HEPs are
quite insensitive to the calibration data (if any).

2 SLIM CALIBRATION OPTIONS

2.1 Overview

Two action groups were chosen for the study of SLIM
calibration options. The first group consists of depres-
surisation actions in scenarios with relatively small
time windows for decision/diagnosis (under 30 min-
utes) whereas the second consists of depressurisation
actions in scenarios with large time windows
(exceeding 1 hour). These actions are defined to in-
clude both the operators' decision to perform the task
as well as the execution of the task.

The analysis steps in the study are:

1. Selection of calibration actions within each
group. The calibration actions for a group should
be selected so as to span the range of the FLIs for
the group (to avoid extrapolation). The actions with
the highest and lowest average FLIs across all the
expert teams (operator crews) were chosen as
calibration actions.

2. Task analysis. A task analysis was performed for
each calibration action. This task analysis yielded a
comprehensive description of the scenario, based
in part on the extensive event sequence diagrams
that had been used to generate the PSA event
trees. In addition, the procedures were examined to
determine the level of guidance they provide to the
operators in these specific cases. The plant staff
provided additional input with regard to the mod-
elled scenarios.

3. Quantification with the
(discussed in Section 2.2)

selected methods.

4. Quantitative and qualitative comparison. The
results obtained with the different methods were
compared quantitatively, at the level of the overall
HEPs as well as in terms of the relative contribu-
tions of the components of the task
(decision/diagnosis vs. execution).

2.2 Selected Quantification Methods

The methods considered for the study of calibration
options were the Technique for Human Error Rate
Prediction (THERP) [7], the Human Error Assessment
and Reduction Technique (HEART) [8], and INTENT
[9]. Simulator-based time reliability methods and
methods that use THERP values in their quantification,
such as the decision trees, were not considered.

Each quantification method is based on different
sources of data and has a distinct approach for
adapting this data in the analysis of a specific situation.

The THERP method is based on compilations of hu-
man performance data for different kinds of tasks. Ta-
ble 1 shows some data for the selection and use of
controls. To provide a measure of the uncertainty of
the HEP estimates, THERP data are provided in the
form of logarithmic distributions. The tables show the
median (the listed HEP) and the error factor (EF). The
probabilities obtained from these tables are further
adjusted by considering the situation-specific factors
identified in the qualitative (descriptive) part of the
HRA. THERP is a reference method and has the ad-
vantage of addressing all aspects of the actions con-
sidered in nuclear power plant PSAs. However, its

Table 1: Human error probabilities for the use of
some controls from THERP

Select wrong control on a panel from
an array of similar-appearing controls:

(2) identified by labels only

(3) arranged in well-delineated func-
tional groups

(4) which are part of a well-defined
mimic layout

Turn rotary control in wrong direction

(5) ...

HEP

0.003

0.001

0.0005

EF

3

3

10
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Table 2: Some error producing conditions (EPCs) from HEART

Error Producing Condition

6 Model mismatch designer/operators

9 Technique unlearning, application of
opposing philosophy.

10 Need to transfer specific knowledge
from task to task without loss.

13 Poor, ambiguous or ill-matched system
feedback

14 Delayed, incomplete feedback

maximum
effect

x8

x6

x5.5

x 4

x 4

Remarks

Under pressure, operators will revert to how they think the
system should function.

Techniques that rely on an opposing philosophy to achieve the
same outcome should be avoided.

Reliance should not be placed on operators' transferring their
previous knowledge. Suitable job aids must be made available
for reference.

Feedback must be available. The aim is "system transparency"

System response times should not exceed 4 sees. Information
should always be sufficient for operators to step confidently on
to the next part.

time reliability curves for diagnosis are considered its
weak point.

The HEART method is a quantification method based
on empirical data from various industries. It consists of
a small number of nominal tasks with HEPs that can
be upwardly adjusted to account for any of 32 error-
producing conditions (EPCs), such as time pressure,
lack of feedback, or conflicting objectives. Each EPC
has an associated maximum effect (a multiplier). To
quantify, the HRA analyst identifies the EPCs and as-
sesses a proportion of the potential maximum effect,
e.g. moderate vs. severe time pressure. Table 2 lists
some HEART EPCs.

The INTENT method for quantifying decision errors
was also applied for the diagnosis components of the
actions. It is based on consensus values from a group
of experts that are adjusted by considering a set of
decision-related performance shaping factors. In this
study, the HEPs for decision failures quantified with
INTENT were combined with the HEPs for the execu-
tion components calculated from THERP.

2.3 The Calibration Actions Selected

All of the calibration actions quantified concern the
cooldown and depressurisation of a pressurised water
reactor; they are summarised in Table 3. The group B
actions, the first two in the table, are characterised by
relatively little time available for diagnosis (15-30 min-
utes). The group C time windows for decision are in
excess of 60 minutes. Except for the SGTR scenario,
all of these actions involve the fast cooldown of the
plant (100 K/hr). Some reluctance to take the action
may be anticipated in real events (as opposed to the
simulator) because the resulting thermal stresses re-
duce the life of the plant.

The operator actions in the two scenarios with over-
cooiing are the most difficult actions in their groups. In
such cases, the resulting main steam isolation is a
complicating plant evolution that may mask symptoms
of the event.

3 COMPARISON OF RESULTS

3.1 Overall HEPs

The overall results are shown in Fig. 1, with THERP
values (diamonds) shown in the left half of the graph
and HEART values (squares) on the right. The sym-
bols indicate the mean values (open for the group B
actions, filled for group C). The vertical lines indicate
the range between the 5th and 95th percentiles.

It can be seen that THERP and HEART rank the four
actions consistently. In both sets of results, ODPSL is
assessed the lowest HEP and ODPSG has a lower
HEP than ODPSO. In addition, both methods yield
quite close HEPs for ODPSO and ODPLO, the two
more difficult actions in their respective groups. This
closeness could not be predicted since the time avail-
able is markedly different for group B (15-30 minutes)
and group C (more than 60 minutes). This shows that
despite the significant differences in the way the two
methods account for the important PSFs, they gener-
ate a consistent result in this case: both quantify the
two groups as approximately equally difficult.

Table 3: The calibration actions quantified in the
study.

Action

ODPSL
(B)

ODPSO
(B)

ODPSG
(C)

ODPLO
(C)

Scenario

Small LOCA

Small LOCA with
overcooling.

SGTR. Unisolatable
due to hardware
problems.

Letdown LOCA with
overcooling.

Some characteristics.

Relatively short time.
Low complexity. Easiest
of group B.

Relatively short time.
Moderate complexity.
Hardest of group B.

Long time. Low-
moderate complexity.
Easiest of group C.

Long time. Moderate-
high complexity. Hard-
est of group C.
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Overall Results
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Fig. 1: THERP and HEART results (mean values and
upper/lower bound).

The HEART values are typically about an order of
magnitude higher than the THERP values. Consistent
with its intended use for screening or preliminary de-
sign analysis, the method focuses on the potential
EPCs, adjusting the nominal probabilities upwardly,
without allowing credit for other factors that may com-
pensate for these. The selection of the nominal task
considers only the frequency of practice, the required
skills, and training.

3.2 Component HEPs

For the PSA, the operator "actions" are defined in
terms of the performance of a system function, in
these cases, the cooldown and depressurisation of the
plant. For the HRA quantification, however, the overall
HEP results are actually based on a decomposition of
the tasks into major sub-tasks. In these analyses, the
functionally-defined task from the PSA is broken down
into (at least) diagnosis/decision, which covers the
situation assessment and selection of the response,
and an execution component. The execution compo-
nent may itself be decomposed. For instance, although
the plant cooldown rate is automatically controlled, the
operators may have to intervene to keep the process
on track. In such cases, the execution component was
further decomposed into initiation, the manipulation
(execution) sub-task, and control, the remaining ac-
tions to keep the process on track (if any).

In addition, when the task analysis indicated that the
cooldown and depressurisation comprises distinct
phases with their own cues, these were modelled
separately. As noted in the description of the actions,
this was the case for both of the more difficult actions,
in the scenarios with overcooling. The tasks are first
decomposed into parts, each of which is decomposed
into the major sub-tasks.

For example, in the ODPSO task, which is a small
LOCA compounded with an overcooling transient, the
operators first lower the steam pressure below 80 bar
in response to the overcooling and then initiate a fast
cooldown when the small LOCA is diagnosed.

The percentage contributions of the component HEPs
for the calibration actions are shown below in Table 4.
The decision/diagnosis (diagnosis, in short) compo-
nents are shown in grey. It can be seen that, in some
cases, THERP and HEART assess differently the rela-
tive contributions of the different components. This has
consequences for error reduction, since the contribu-
tions indicate what sub-tasks are problematic. In the
THERP results, the execution part typically does not
contribute significantly while the total diagnosis com-
ponent is about an order of magnitude higher. The ex-
ception are some of the "control" parts of the actions.

Compared to THERP, the HEART results show higher
contributions for the execution parts. This may be be-
cause mitigating PSFs that may reduce an HEP are
not considered (recall that the HEPs are adjusted up-
wardly only). In our view, the method is not intended to
and is not very suited for deriving "best estimates";
instead, HEART helps to bring a quantitative perspec-
tive to the potential error producing conditions that are
flagged in a qualitative analysis.

Table 4: Contributions of each action component.

ODPSL

Fast Cooldown
Decision/Diag.
Initiation
Control

ODPSG

Cooldown
Decision/Diag.
Initiation
Control

ODPSO

Steam Depr.

Fast Cooidown

Decision/Diag.
Initiation
Control

Initiation
Control

ODPLO

Fast Cooldown

HPI Reset

Decision/Diag,

Initiation
Control
Decision/Diag,
Initiation
Control

THERP

2.1 E-3

8 1 %
6%

13%

9.2 E-3

56%
8 %

36%

2.1 E-2

2 2 %
6%
9 %

57%
2 %
6%

2.1 E-2

2 8 %
0.2 %

1 %
39%

6%
26%

HEART

1.8 E-2

28%
49%
23%

4.3 E-2

20%
10%
70%

1.0 E-1

27%
18%
4 %

42%
9 %
4%

1.6 E-1

26%
3 %
1 %

38%
3%

35%

3.3 Diagnosis HEPs

Because of the importance of the decision/diagnosis
components, their HEPs were examined more closely
in a comparison that also includes the INTENT results.
Fig. 2 shows the diagnosis HEPs for the decision to
cool down and depressurise the plant. With the excep-
tion of ODPSG (the SGTR case, second from the left),
all of these are for the decision to initiate a fast plant
cooldown. In all of the cases, the HEART mean value
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is very close (within a factor of about 2) to the 95th
percentile of the THERP distribution. This applies as
well to the two decisions that are not shown in this fig-
ure, for the steam depressurisation in ODPSO and the
manual control of high pressure injection (HPI) in OD-
PLO.

Diagnosis Components

1.0E-2

1.0E-3

1.0E-4
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Fig. 2: Diagnosis HEPs for the decision to cooldown.

The INTENT results are somewhat higher than the
HEART values but not significantly so. It should be
noted that INTENT reflects a selected (i.e. limited)
view of the diagnosis part per action. It puts much em-
phasis on particular error categories that may be rele-
vant in a subset of diagnosis situations but obviously
not in all of them.

4 CONCLUDING REMARKS

Using other HRA methods to calibrate a SLIM analysis
adds further plant-specific information and quantitative
analyses to a SLIM HRA. These analyses can be sig-
nificantly more detailed than would be practical for the
whole HRA because they are performed only for the
calibration tasks. The results from the different meth-
ods show a remarkable consistency with respect to the
ranking of the actions according to their overall HEPs.
Although its values are clearly not "best estimates", the
HEART method was found to be useful in highlighting
in a quantitative perspective the potentially problematic
aspects of the different operator actions.
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MIXED PWR CORE LOADINGS WITH INERT MATRIX Pu-FUEL ASSEMBLIES

A. Stanculescu, U. Kasemeyer, J-M. Paratte, R. Chawla

The most efficient way to enhance plutonium consumption in light water reactors is to eliminate the produc-
tion of plutonium ail together. This requirement leads to fuel concepts in which the uranium is replaced by
an inert matrix. At PSI, studies have focused on employing ZrO2as inert matrix. Adding a burnable poison
to such a fuel proves to be necessary. As a result of scoping studies, Er^D^ was identified as the most
suitable burnable poison material. The results of whole-core three-dimensional neutronics analyses indi-
cated, for a present-day 1000 MWe pressurised water reactor, the feasibility of an asymptotic equilibrium
four-batch cycle fuelled solely with the proposed PuO2-Er2O3-ZrC>2 inert matrix fuel (IMF). The present pa-
per presents the results of more recent investigations related to "real-life" situations, which call for transition
configurations in which mixed IMF and UO2 assembly loadings must be considered. To determine the in-
fluence of the introduction of IMF assemblies on the characteristics of a UO2-fuelled core, three-
dimensional full-core calculations have been performed for a present-day 1000 MWe PWR containing up to
12 optimised IMF assemblies.

1 INTRODUCTION

The inventories of spent uranium fuel, and hence of
plutonium generated by the operation of commercial
nuclear power plants, are continuously increasing. The
strategy presently adopted by some utilities to deal
with this problem consists in reprocessing the spent
fuel, fabricating plutonium-uranium mixed oxide (MOX)
fuel assemblies, and using these to load up to one
third of the core. Both reprocessing and MOX fuel fab-
rication are, in the countries where utilities have opted
for this strategy, well-established industrial activities. A
one-third MOX core loading, however, permits only to
stabilise the plutonium mass flow since, over the
lifespan of the core loading, as much plutonium is con-
sumed as is produced through neutron captures in
238(j ("self-generated" mode). To go beyond the "self-
generated" mode, strategies with up to 100 % MOX
core loadings are presently being investigated, for
which, however, certain operational and safety-related
problems remain to be solved. A much more efficient
way to enhance plutonium consumption in light water
reactors (LWRs) would obviously be to eliminate the
plutonium production all together. This requirement
leads to fuel concepts in which the uranium is replaced
by an inert matrix.

At PSI, studies have focused on employing ZrO2as an
inert matrix [1]. This material is stabilised by rare earth
oxides into a single-phase solid solution with a highly
radiation resistant cubic structure. From the material
technological viewpoint, it thus becomes comparable
to UO2 in MOX fuel, being able to host plutonium, the
higher actinides and the fission products. For reactivity
control reasons, adding a burnable poison to such a
fuel proves to be necessary. As a result of scoping
studies addressing basic reactor physics characteris-
tics (e.g. depletion-dependent reactivity variation, re-
activity control, temperature and void coefficients),
Er2O3 was identified as a highly suitable burnable poi-
son material [2,3].

The results of whole-core three-dimensional neutron-
ics analyses [4,5] indicated that, for a present-day
1000 MWe pressurised water reactor (PWR), a four-
region core fuelled solely with the proposed Pu©2-
Er2O3-ZrO2 inert matrix fuel (IMF) was feasible. The
main operational characteristics (e.g. cycle length and
power peaking) of such a 100 % IMF core were shown
to be very similar to those of a conventional UO2-
fuelled PWR, while the plutonium consumption capa-
bilities (in terms of total plutonium) were shown to be
approximately 2.5 times as high as in the case of
100 % MOX cores [6]. When assessing these results,
it must be stressed, however, that they apply mainly
within the scope of the studies conducted (i.e. equilib-
rium cycle situations and homogeneous IMF assembly
design).

The present paper presents the results of more recent
investigations related to "real-life" situations, that call
for transition configurations in which mixed IMF and
LJO2 assembly loadings must be considered.

2 SCOPE OF THE STUDY

The scope of the present study has essentially been to
determine the effects of the stage-wise introduction of
IMF assemblies on the core characteristics of a stan-
dard UO2-fuelled PWR.

From past experience made with MOX fuel, it must be
assumed that an eventual utilisation of IMF assemblies
in present-day LWRs will be gradual. Therefore, from
a practical point of view, after investigating the feasi-
bility of asymptotic 100 % IMF fuel cycles, core design
efforts must be concentrated on studies dealing with
mixed UO2/IMF loadings. Given the strong spectral
differences to be expected in adjacent assemblies of
such loadings, these studies must focus, in the first
place, on the power distribution within the IMF assem-
bly itself, since unacceptable power peaks in the
neighbourhood of the UO2 assembly cannot be ex-
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eluded a priori1. The result of these studies has been
an IMF assembly design optimised in the context of
the power distribution with a surrounding of UO2 as-
semblies [5,6].

The next step has consisted in assessing the core
physics characteristics of mixed configurations loaded
with an increasing number of such optimised IMF as-
semblies.

3 CALCULATIONAL METHODS AND MODELS

3.1 IMF assembly optimisation

The IMF assembly optimisation calculations were
performed with the help of the two-dimensional trans-
port-theory burnup code BOXER, that is part of the
ELCOS code system [7]. For most isotopes, the cross-
section library is based on the JEF-1 file [8], notable
exceptions being the Er and the 155Gd cross-sections,
based on BROND-2 [9] and JENDL-2 [10] data, re-
spectively. The model employed consisted of a 3x3 ar-
ray, with the IMF assembly being located in the centre
and surrounded by standard UO2 assemblies. The
plutonium considered in the IMF corresponds to re-
processed LWR-fuel having reached an average dis-
charge bumup of about 42 GWd/tmvi (~66 wt% fissile
plutonium content [11]).

3.2 Analyses of mixed UO2/IMF cores

For these analyses, three-dimensional full-core calcu-
lations of a present-day 1000 MWe PWR containing up
to 12 IMF assemblies have been performed with the
help of the nodal core simulator SILWER, also part of
the ELCOS code system. SILWER applies an analyti-
cal nodal method to solve the two-group neutron diffu-
sion equations.

The introduction of the optimised IMF assemblies into
a UOg-fuelled PWR was considered in the context of a
four-batch core configuration representing a "real-life"
loading of an actual power reactor having 177 assem-
blies. The reference 235U enrichments were 3.8, 3.5
and 3.4 wt%. In a first step, four fresh IMF assemblies
replaced the standard UO2 assemblies with the high-
est relative nodal power values. Starting with this con-
figuration, ensuing bumup calculations permitted to
establish an appropriate fuel management scheme for
this mixed UO2/IMF core. Thus, after each cycle, while
taking care that the overall one-fourth core symmetry
was preserved, the IMF assemblies were shuffled to
positions which would have been occupied by UOg as-
semblies with the same burnup state.

1 At beginning-of-life (BOL), the spectral differences at the
interface of IMF and UO2 assemblies would be expected
to be even more pronounced than in the UO2/MOX case,
due to the greater thermal neutron absorption rates in the
IMF as compared to MOX. The enhanced absorption
cross-sections in the IMF result from (a) the presence of
the burnable poison and (b) the considerably higher
plutonium content of the fuel.

4 RESULTS

4.1 IMF assembly optimisation

First results of the optimisation efforts showed that, for
homogeneous IMF assemblies, strong power peaking
(maximum peaking factor of 1.65, to be compared with
1.48 for a MOX assembly) occurred when both the
IMF and the surrounding UO2 fuel were fresh. As was
to be expected, the maximum values in the IMF as-
sembly occurred in the outermost fuel rod positions,
while the effect on the power distribution inside the as-
sembly was limited2. Accordingly, optimisation efforts,
considering also depletion-dependent effects, focused
on the fuel rods at the edge of the IMF assembly. The
result of the optimisation work is shown in Fig. 1
(quarter-assembly view). The main features of the
proposed IMF assembly design are the following:

- introduction of a central water hole, in order to yield
a smoother burnup distribution;

- for the fuel rods at the periphery, reduction of the
plutonium content by approximately 16% com-
pared to the inside rod positions;

- for the outermost corner rod, reduction of the plu-
tonium content by approximately 26 % compared to
the inside rod positions, and additional Gd poison-
ing (the latter was preferred over a further increase
of the Er content, since the fast burning Gd iso-
topes permit to attain a better power distribution
towards end of life);

- a slightly increased plutonium content for all the
remaining inner fuel rod positions, in order to attain
the same average plutonium content as in the ear-
lier homogeneous IMF assembly design.
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l H l o . 7 / 0.3 / 0.3 / 5.0 [g/cm3 ]
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Fig. 1: Quarter-assembly view of the optimised IMF
assembly for deployment in mixed UO2/IMF
PWR core configurations.

The burnup calculations indicated that, due to the ad-
ditional poisoning with Gd of the outermost corner rod
of the optimised IMF assembly, the maximum power
peaking would occur at the end of the first, and at the
beginning of the second cycle.

2 The larger thermal neutron absorption cross-sections in
the IMF assembly, as compared to MOX (see earlier foot-
note), render the spectral influence of the surrounding
UO2 assemblies relatively weak for fuel rod positions well
within the assembly.
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Fig. 2 shows the distribution of the relative power den-
sity for the optimised IMF assembly surrounded by
eight standard UO2 assemblies at the end of the first
burnup cycle. Compared to the homogeneous non-
optimised IMF assembly, the power peak is decreased
by approximately 28 %. The power distributions ob-
tained are thus comparable to those of mixed
UO2/MOX core loadings as presently realised in
LWRs.

Q
U

§
OH

03

Fig. 2: Relative power density in the optimised IMF
assembly (surrounded by UO2 assemblies) at
the end of the first cycle (350 effective full-
power days).

4.2 Analyses of mixed UO2/IMF cores

As indicated earlier, the first study currently under-
taken has been the influence on the core characteris-
tics of introducing four of the optimised IMF assem-
blies into a present-day PWR. Apart from the detailed
power distribution, none of the operational characteris-
tics (soluble-boron concentration, etc.) are altered in
any significant manner as compared to the standard
UO2-fuelled core. The relative nodal power densities
for the beginning-of-cycle (BOC) configuration are
shown in Fig. 3 (one-fourth core symmetry).

As mentioned in section 3.2, the IMF assemblies were
loaded into UCVassembly peak power positions (i.e.
B-8 and H-14, and the corresponding two other sym-
metrical positions). The first and the second line give
the relative nodal power values for the reference UO2-
fuelled core and for the mixed UO2/IMF loading, re-
spectively, while the third line gives the percentage
change in the nodal power densities upon introduction
of the IMF assemblies into the reference UO2 core. As
seen from Fig. 3, the IMF assemblies have a consid-
erably lower relative nodal power density (reduced by
approximately 37 %, as compared to the replaced UO2
assemblies), while the increase in the values for the
other UO2 assemblies does not exceed 11 %. The
maximum linear rating attained in the IMF assemblies
is thus approximately one-third lower than that ob-
tained in the reference UO2 core.

Obviously, power peaking in the IMF assemblies in-
creases with burnup, since the burnable poison is de-
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Fig. 3: Comparison of radial nodal power distribu-
tions (one-fourth core symmetry) at begin-
ning-of-cycle (BOC) for the reference UO2-
fuelled case (first line) and the mixed
UO2/IMF loading (second line), the percent-
age difference being indicated in the third
line. Position H-8 indicates the core centre,
the four optimised IMF assemblies having
been loaded into positions B-8, H-14 and the
corresponding two symmetrical positions.

pleted (especially Gd in the outermost corner rod posi-
tion). As can be seen from Fig. 4, even at the end of
the first cycle, the IMF assemblies have approximately
9 % lower relative nodal power values than those
which the UO2 assemblies would have had at the
same location. The maximum linear rating of the IMF
assemblies increases by approximately 20 % with re-
spect to the BOC values. The relative nodal power
distribution results of the 3D full-core calculations are
also displayed graphically in Fig. 5 for the reference
UO2 core at BOC, as well as for the mixed UO2/IMF
core at both BOC and EOC.

The power peaking results obtained for the IMF as-
semblies at the end of the first cycle were not ex-
ceeded in any of the following burnup cycles for which
SILWER simulations were carried out, confirming the
qualitative findings of the IMF assembly optimisation
study (see section 4.1).

In a further study, a BOC configuration with eight more
IMF assemblies was considered. These additional as-
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Fig. 4: Comparison of radial nodal power distribu-
tions (one-fourth core symmetry) at end-of-
cycle (EOC) for the core configurations for
which the BOC results are given in Fig. 3.

semblies were also loaded into positions of high power
density in the reference UO2 core (at positions D-11,
E-12 (see Fig. 3) and the corresponding symmetrical
positions in the other three quadrants). Also for this
mixed configuration with 12 IMF assemblies, the BOL
operational core characteristics were very similar to
those of the UO2 reference case, with the exception of
the critical soluble-boron concentration which was
somewhat lower. Burnup calculations showed that the
power distribution throughout the first cycle remains
qualitatively similar to that for the reference core,
clearly indicating the feasibility of even larger IMF
loadings.

4.3 Plutonium consumption

No attempts have currently been made for the defini-
tion of detailed fuel management schemes that would
go beyond the 12-IMF-assembly loading considered
above, i.e. towards full IMF core loadings. Thus, at this
stage, a caveat has to be made when assessing the
plutonium consumption capabilities of partially loaded
IMF cores. Effectively, caution is due when assessing
absolute plutonium consumption rates, since the only
basis available in this context is that provided by the
studies performed for 100 % uranium-free PWR load-
ings fuelled with homogeneous IMF assemblies [4].
However, conclusions regarding the relative plutonium
consumption potential of IMF-loaded PWRs, as com-
pared to MOX-fuelled cores, can be easily drawn

&
"3

^ : i \

(b)

I

Fig. 5: Schematic views of the relative power distri-
butions for (a) the reference UCVfuelled
PWR at BOC, and for the mixed UO2/IMF
core (containing four optimised IMF assem-
blies) at (b) BOC and (c) EOC.
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based on the results of the earlier conducted studies
on full core loadings of IMF and MOX. The results re-
ported in [4,5] indicate that the plutonium (reactor-
grade) consumption rates for 100 % MOX and 100 %
uranium-free (IMF) PWR cores are approximately 430
and 1090 kg/GWeyear, respectively. This means that
LWRs with as little as about one-eighth (i.e. 24 as-
semblies in the present-day 1000 MWe PWR consid-
ered in this study) IMF core loadings would operate in
the "self-generated" mode (as compared to one-third
MOX-fuelled cores).

5 CONCLUSIONS

The results currently presented strengthen the case
for a gradual introduction of uranium-free IMF assem-
blies into a present-day 1000 MWe PWR. It has been
shown that loading up to 12 IMF assemblies, having
the optimised design proposed in this paper, can be
done with fuel management schemes that are quite
compatible with current operational requirements (i.e.
cycle length, soluble-boron concentration, etc.).
Clearly, additional studies are necessary to define a
detailed fuel management strategy going beyond the
4-12 IMF assemblies considered presently, i.e. to-
wards 100% IMF loadings. Nevertheless, relative
plutonium consumption rates can be easily derived
from the earlier reported studies on 100% IMF and
MOX cores. These indicate a plutonium reduction po-
tential approximately 2.5 times higher in the IMF case
as compared to MOX, thus underlining the consider-
able economic incentive for PWR cores with partial
loadings of IMF assemblies.
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IMPLEMENTATION OF A NEW INTERFACIAL MASS AND ENERGY TRANSFER
MODEL IN RETRAN-3D

R. Macian, P. Cebulf, P. Coddington, M. Paulsen1

The RETRAN-3D MOD002.0 best estimate code includes a five-equation flow field model developed to
deal with situations in which thermodynamic non-equilibrium phenomena are important. Several applica-
tions of this model to depressurization and pressurization transients showed serious convergence prob-
lems. An analysis of the causes for the numerical instabilities identified the models for interfacial heat and
mass transfer as the source of the problems. A new interfacial mass and energy transfer model has thus
been developed and implemented in RETRAN-3D. The heat transfer for each phase is equal to the product
of the interfacial area density, a heat transfer coefficient and the temperature difference between the inter-
face at saturation and the bulk temperature of the respective phase. However, in the context of RETRAN-
3D, the vapor remains saturated in a two-phase volume, and no vapor heat transfer is thus calculated. The
values of interfacial area density and heat transfer coefficient are obtained based on correlations appropri-
ate for different flow regimes. A flow regime map, based on the work of Taitel and Dukler, with void fraction
and mixture mass flux as map coordinates, is used to identify the flow regime present in a given vdume.
The new model has performed well when assessed against data from four experimental facilities covering
depressurization, condensation and steady state void distribution. The results also demonstrate the viability
of the approach followed to develop the new model for a five-equation based code.

1 INTRODUCTION

The RETRAN-3D MOD002.0 best estimate code in-
cludes a five-equation flow field model to extend the
code's analytical capabilities to situations in which
thermodynamic non-equilibrium phenomena are im-
portant. This is achieved via a fifth vapor field equation
which models vapor transport and generation, which is
computed based on constitutive models for subcooled
boiling, interfacial heat transfer and system pressure
variation [1].

This model has shown serious numerical problems
that ultimately led to convergence failure when applied
to the simulation of certain nuclear plant transients and
experimental test simulations, in which vapor produc-
tion and condensation were mainly due to pressure
variations (depressurization or pressurization). The
analysis of the causes of the failure identified severe
pressure oscillations because vapor production rates
and energy transfer to the fluid were calculated inde-
pendently in the original interfacial heat and mass
transfer model. This negatively affected the solution of
the pressure field when these two terms did not ex-
actly balance. Based on these observations, a new
model for interfacial mass and heat transfer has been
developed and implemented in the code. This model is
based on the premise that the interfacial heat and
mass transfer process takes place through a two-
phase interface at saturation. Such an approach is
also followed by several advanced six-equation sys-
tem codes such as TRAC-PF1, TRAC-BF1, RELAP-5
and CATHARE.

The implementation of this new model in RETRAN-3D
and its assessment have shown the viability of such an
approach in a five-equation code, despite the con-
straints that the lack of an independent vapor energy
equation may pose to the model.

2 THE RETRAN-3D FIVE-EQUATION MODEL

2.1 Brief description of the original RETRAN-3D
five-equation model

In the RETRAN-3D five-equation flow field model the
basic three equations describing the two-phase mix-
ture mass, momentum and energy conservation, and
the fourth dynamic slip velocity equation, are com-
bined with a fifth vapor field transport equation, [1]

'vap

dt
=-Y.Kap+r,

j
total < (1)

which permits the calculation of vapor generation and
transport independently of the fluid mixture. In order to
solve Eq. (1), the net vapor generation rate, Ttotal must
be known. RETRAN-3D computed the value of Ttotal

for each time step as the sum of three vapor produc-
tion terms, each one modeling a different physical va-
porization (condensation) mechanism, ie, subcooled
boiling, Twair interfacial temperature difference, TAT,
and pressure variation, rAP: Ttotal = Twal, + rAT + rAP.
The code assumes that the vapor is always saturated
in a two-phase volume, while liquid can be subcooled,
saturated or superheated and such a constraint affects
the way the total energy transported into or out of a
control volume can be snared by each phase.

In several applications related to depressurization and
pressurization transients, the original RETRAN-3D
five-equation model showed severe numerical prob-
lems that resulted in convergence failure. An analysis
of the causes concluded that the problem stemmed
from the calculation of the vaporization rates, espe-
cially the term rAP, which was performed independ-
ently from the energy transfer to the fluid. As a result,
large liquid superheats and pressure oscillations led to
code failure.

1 Computer Simulation & Analysis, Inc., Idaho Falls, ID 83405, USA
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A new interfacial mass and energy transfer model has
been developed in order to solve the numerical prob-
lems of the original approach. In this new model, the
vapor generation rates are directly related to the in-
terfacial and wall-to-fluid energy transfers. In addition,
the implicit coupling between vapor generation and
pressure variation of the original model through the
TAP term has been replaced by vaporization
(condensation) driven by the departure of each phase
from saturation in a control volume as a result of varia-
tions in the volume pressure.

2.2 The new interfacial heat and mass transfer
model

The new interfacial mass and energy transfer model
implemented as part of the five-equation model in RE-
TRAN-3D is based on the concept that mass and en-
ergy are interchanged through an interface at satura-
tion. Each phase transfers energy to the interface and
the resultant net energy balance yields the evaporation
or condensation rates. The interfacial energy transfer
rate, Wk, for the control volume for phase k is given by

Wk = (hiaiATlnt)kVol, (2)

with its sign depending on the interfacial temperature
gradient: ATint = Tk - Tsatf which is positive when en-
ergy is transferred to or from the interface. The mass
transfer term, Tk is then calculated by assuming that
the net energy transferred to the interface is expended
in evaporation or condensation, ie

w_
h,

with w=
fg

(3)
k=vap,liq

The total interfacial mass transfer is then Ttotal = Twal!+
TintThe subcooled boiling term due to wall heat trans-
fer is preserved from the old model, whereas the terms
r ^ r and T&P have been replaced by the new model, r
int- rwaii 's only included when Twall > Tsat > Tliq.

The calculation of the interfacial heat transfer coeffi-
cient, h. (W/mPK), and the interfacial area density, a,.
(nf/m3), in Eq. (2) is performed using appropriate cor-
relations obtained from the open literature. A set of
such models constitutes the new interfacial mass and
energy transfer model implemented in RETRAN-3D
with the additional restriction that superheated vapor is
not allowed in a two-phase volume, since there is no
independent vapor energy conservation equation.
Subcooled liquid, however, can be present and corre-
lations for subcooled heat transfer and condensation
are, thus, necessary.

2.3 Flow regime map

The two-phase flow structure determines the area of
the interface and the interchange of energy and mass
between the phases. Since detailed, mechanistic
models to describe turbulent two-phase flow structures
for a wide range of flow regimes are not currently
available, flow regime maps are commonly used in
system codes. They characterize the structure of the

two-phase interface in terms of control volume macro-
scopic flow parameters such as superficial velocities,
void fraction, etc., which serve as map coordinates.
After the flow regime is identified, appropriate models
and correlations can then be applied to calculate the
values for a,- and h,. The new interfacial mass and en-
ergy transfer model implemented in RETRAN-3D also
makes use of this approach under both steady-state
and transient conditions.

The first flow regime maps were developed by follow-
ing an empirical approach. However, this limited their
generality and accuracy [2], since application of maps
generated from experimental data for certain flow con-
ditions to different flow conditions usually required ex-
trapolation based on certain non-dimensional pa-
rameters. The flow regime map currently used by
RETRAN-3D for vertical flow interfacial drag is a sim-
plification of the experimental flow regime map pro-
posed by Bennett et al. [3], which was developed for
small diameter heated tubes at high pressure. Its em-
pirical character makes it difficult to justify extending its
application to conditions very different to those under
which the experiments were carried out, ie to low
pressure conditions or flow in unheated regions.

In an attempt to overcome the shortcomings of empiri-
cally obtained maps, some authors have tried to obtain
transition criteria between flow regimes based on the
analysis and modeling of the physical processes gov-
erning them, thus expanding their range of applicability
to a wider set of flow configurations. Taitel and Dukler
[4] and Mishima and Ishii [5] have followed such an
approach for heated tubes, and produced flow maps
able to accommodate many of the published empirical
flow maps for heated channels such as Bergles' [6]
and Bennett's [3]. The maps obtained from the semi-
theoretical approach developed by Taitel and Dukler
have also been shown to model flow regime transitions
for flows in non-heated tubes [5].

Flow regimes for horizontal flow tend to be more com-
plex than those for vertical flow, because of the
asymmetry induced by the gravitational force. Thus,
the heavier phase, liquid, tends to accumulate at the
bottom of the channel and vapor tends to accumulate
at the top. The flow structure is thus different to that
observed in vertical flows, even for flow patterns with
similar general characteristics, eg bubbly, annular, etc.

Two flow maps, one for vertical and one for horizontal
flow, have been implemented in RETRAN-3D. These
include the basic flow regimes expected to occur in
pre- Critical Heat Flux (CHF) heat transfer and are
based on the work by Taitel et al. [2,4] and Mishima
and Ishii [5] for pre-CHF conditions. The flow regimes
included in the map are bubbly, slug, a transition re-
gion between slug flow and annular mist flow, annular-
mist flow and dispersed droplets. Bubbly flow is char-
acterized by the presence of dispersed vapor bubbles
entrained in a continuous liquid phase. As the flow
void fraction increases, the growth of the bubbles cre-
ate large so-called Taylor bubbles that fill the pipes
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and are surrounded by a thin liquid film wetting the
pipe walls. This then defines the slug flow regime. The
large Taylor bubbles are separated by slugs of liquid,
which contain dispersed smaller bubbles. A transition
region between slug flow and annular-mist flow repre-
sents what some authors define as churn flow. In this
regime, the bubbles have grown so large that they
connect with each other forming large regions of va-
por, interspersed with smaller slugs of liquid, and a liq-
uid film flowing along the pipe wall. The Annular flow
regime appears at higher void fractions, when the va-
por regions coalesce and form a continuous core of
vapor surrounded by an annulus of the liquid phase.
For high vapor mass flow rates, part of the liquid film
may become entrained, and the regime is then called
Annular-Mist. It has been assumed in this case that
droplets and liquid film flow with the same velocity.
This can turn into Dispersed Droplet flow when the liq-
uid film disappears and the liquid phase exists only as
small droplets carried along by the vapor flow. All of
these flow regimes have also been included in the
horizontal flow map, which in addition contains an
horizontally stratified flow model. Fig. 1 displays an
scheme of the structure of the four flow regimes con-
sidered for the vertical and horizontal flow regime map
in RETRAN-3D.
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Fig. 1: Vertical flow regimes

Figures 2 to 4 show the Taitel et al.'s map for vertical
and horizontal flow as implemented in RETRAN-3D.
These flow maps have been converted from the origi-
nal coordinates of vapor and liquid mass fluxes, to the
total mixture mass flux, G (kg/m2 s), and void fraction,
a, coordinates used by RETRAN-3D. The horizontal
flow map contains the same flow regimes as the verti-
cal one, with the transition criteria based only on flow
void fraction. The effect of mass flux is only considered
in the form of a critical velocity for the onset of strati-
fied flow, vcrit, which was obtained by Taitel et al. [4],

from a hydrodynamic stability analysis of waves in
closed pipes. Horizontally stratified flow is merged with
the other flow regimes based on the value of vcrit by
means of cubic spline interpolation, in a manner simi-
lar to that used for the transition regime in vertical flow.

Figures 3 and 4 show the transitions criteria based on
void fraction values that determine the change of flow
regime within a control volume The relationship be-
tween the void fraction criteria and the mixture mass
flux is represented by the vertical flow regime map
displayed in Fig. 2. After the thermal-hydraulic condi-
tions in a control volume have been determined by the
code, the pair (G,a) identifies a definite point in the
map and determines the flow regime present in the
volume. This information is used for the calculation of
the interfacial areas and heat transfer coefficients as
described below.
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2.4 Interfacial area density models

Once the flow regime in a control volume has been
determined, the interfacial area density, a,-, is com-
puted based on a series of correlations and expres-
sions that take into account the structure of the inter-
face for each of the flow regimes.

Bubbly Flow

In bubbly flow, the main feature is the presence of va-
por bubbles entrained in a liquid flow. The interfacial
area density is then given by the surface area of the
bubbles, which will usually have a distribution of sizes.
An estimate of the area as a function of the flow void
fraction can be obtained based on the most probable
bubble diameter. This in turn can be related to a
maximum bubble diameter which is determined by a
balance of surface tension and inertial forces through
a critical Weber number, We. From this one obtains

ai,Bubbly -
'%,

We a
(4)

where C is equal to 3.6 assuming the Nukiyama-
Tanasawa distribution for the bubble size [7] and We is
assumed to be 10 [8]. The bubble relative velocity, vrel,
is calculated from Ishii's correlation as reported in [9]
instead of using the slip velocity given by the code.
This choice was made because of stability concerns
and because Ishii's correlation represents the actual
bubble rise velocity with respect to the liquid flow.

Slug Flow

The Slug flow regime model assumes the vapor to be
distributed in small bubbles within liquid slugs sepa-
rating large so-called Taylor bubbles which span al-
most the whole diameter of the pipe. Based on this
flow structure, the interfacial area density consists,
therefore, of two terms

*i,Slug :

Volume Length
(5)

The first term in Eq. (5) corresponds to the interfacial
area of the Taylor bubbles. It is calculated based on
the volume fraction of the Taylor bubbles, aTB. The
second term, similar to the one presented for bubbly

flow, yields the interfacial area of the bubbles en-
trained in the slugs of liquid. The volume fraction of
these small bubbles, as/u5, and aTB, are related to the
total void fraction by a = OCTB + a.siug. The value of aSiug
is obtained by exponential interpolation of the void
fraction, as suggested in [8]: aSiug = exP (-8-0 (a-aBS) /
(aSA-aBS)).

Annular-Mist Flow

Annular Film flow is characterized by the presence of a
well defined liquid film flowing along the tube wall, with
a vapor core that may carry entrained liquid droplets.
Therefore, a model for the interfacial area density in
Annular-Mist flow consists of a sum of two terms,
namely one for the liquid film wetting the walls, aJiFllm,
and one for the entrained droplets, aiDrop.

Liquid Film

The interfacial area density for the liquid film can be
expressed from geometrical considerations in terms of
the volume fraction of the film, <%m and the hydraulic
diameter of the pipe, Dhyd, as

*i,Fllm = 4C, V 1 -
D,

(6)
hyd

where Cn is a 'waviness factor' which accounts for the
increased area resulting from the ripples in the liquid
film as it flows along the pipe's wall. In RETRAN-3D
Cn is assumed to be 1.0.

Liquid Droplets

The interfacial area density of the droplets, aiDrop, is
calculated following a similar approach to that in bub-
bly flow, but applied to liquid droplets. The droplet criti-
cal Weber number, We, has been experimentally de-
termined to be different for bubbles and liquid droplets.
In this case We = 13.0, as used for the drag correla-
tions by RETRAN-3D [1]. Similar to the bubbly flow re-
gime, aiDropcan be obtained from

a'i,Drop - 3 -6 CCdrop
Pvap

We a
(7)

with the droplet relative velocity also computed from
Ishii's correlation applied to droplets [9]. The droplet
volume fraction, adrop, is related to the total void frac-
tion and the liquid film volume fraction by oc;ffflm = 1 -a -
adrop- The calculation of interfacial area density in the
Annular-Mist flow regime depend, therefore, on the
fraction of liquid entrained as droplets within the steam
flow.

The entrainment fraction is computed by using
Govan's model [10]. This model was originally pro-
posed to correlate Critical Heat Flux (CHF) experi-
mental results and showed good predictions of the on-
set of CHF, a phenomenon very dependent on the en-
trained liquid mass. Good results have also been re-
ported from studies made with the new RAMONA-5
code, which uses this model in order to calculate the
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source term in the droplet mass conservation equation
due to entrainment. ScandPower has reported accu-
rate mechanistic predictions of the onset of CHF
based on Govan's model [11].

The droplet volume fraction in Eq. (7), adlDPi is related
to the droplet entrainment fraction, E, ie the fraction of
liquid entrained by the vapor flow, by

E=
adrop Of,

a liq

drop

1-or
(8)

Govan's model determines the entrainment fraction by
an iterative procedure involving relationships between
E, the droplet concentration, and the rate of droplet
deposition in the liquid film.

Dispersed Flow

The interfacial area density for the Dispersed flow re-
gime is obtained by using Eq. (7). This regime is simi-
lar to the Annular Mist regime except that the entrain-
ment fraction is 1.0.

Stratified Flow

The interfacial area density for horizontal stratified flow
refers to the horizontal surface of the liquid in the pipe.
It is calculated from purely geometric considerations
by the following relationship, where 8 is an angle de-
scribing the liquid level in the pipe :

ii,stmt
4 sinG

hyd
(9)

Transition Regimes

Interfacial area density values for the transition flow
regime are obtained using a cubic spline interpolation
between the values of interfacial area density corre-
sponding to the adjacent slug and annular mist flow
regimes. They are calculated for the transition void
fractions, aDE and aSA, (see Fig. 2) and used as ex-
treme values of the interpolation interval.

In order to smooth transitions between adjacent flow
regimes, an additional interpolation scheme between
flow regimes whose transition criteria are based on
void fractions, ie all vertical and most horizontal, was
implemented when the flow void fraction falls within a
Aoc (selected as 0.001 in the present implementation)
interval about the generic transition void fraction, a.Tmn,
(see Fig. 2). Interfacial area densities are computed
for void fractions aTran + Ace and aTran - Aa, and these
values are then used as extremes of the interpolation
interval for the actual flow void fraction.

For horizontally stratified flow, the interpolation pa-
rameter that governs the onset of stratified flow is the
critical velocity, vcrit (see Fig. 3), and a similar cubic
interpolation procedure to the one described above is
used.

2.5 Interfacial heat transfer models

In addition to interfacial area, the interfacial heat
transfer coefficient, hh is required to calculate the
amount of energy transferred to the interface. Like in-
terfacial area, this coefficient is a function of the inter-
face geometry and is therefore dependent on the flow
regime. The particular heat transfer correlation chosen
also depends on whether the liquid is superheated or
subcooled. Note that whereas six-equation codes re-
quire separate correlations for superheated and sub-
cooled vapor, these are not necessary in
RETRAN-3D since the vapor component is con-
strained to saturation temperature, and therefore there
is no energy transfer from the vapor to the interface.

Bubbly Flow

The heat transfer coefficient for superheated liquid is
calculated using either the analytically derived equa-
tion of Plesset and Zwick [12] or a modified Lee and
Ryley correlation [13]:

Klin
hl=\-^-\max(NuPZ,NuLR), (10)

where

., 12
NuP7=—i

K Pvap "fg

and

NuLR=2.0+0.74 Reg5.

(Plesset-Zwick) (11)

(Lee-Ryley) (12)

Here db is the same average bubble diameter as the
one used in the correlations for ai, ATsup is equal to
Tiiq-Tsat, and Reb is a Reynolds number based on the
bubble diameter.

For subcooled liquid, the Hancox-Nicoll correlation [14]
is used:

V/g

D,hyd

Ro0.662
Meliq (13)

A value of 0.2 is used for CHN.

Slug Flow

Interfacial heat transfer in slug flow can be divided into
two separate components. The first is heat transferred
between bubbles and the surrounding liquid, and the
second is heat transferred between the large Taylor
bubbles and the thin liquid film around them. Thus, hh

consists of two separate interfacial heat transfer coef-
ficients, hjBubbiy ar )d hi,TB- For superheated liquid, the
Taylor bubble contribution is given by the correlation

V e = 3.0-10 6« r s . (14)

This correlation is intended to give the coefficient a
large value to rapidly drive the liquid temperature back
to saturation. Such an assumption tries to model the
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efficient heat transfer in the superheated turbulent thin
liquid film separating the large bubbles from the pipe
walls and one Taylor bubble from another. The corre-
lation used for the smaller bubbles entrained within the
liquid slugs is the same as that described above for
bubbly flow.

The Taylor bubble contribution for subcooled liquid is
given by the following correlation, which depends on
the liquid Reynolds and Prandtl numbers [8],

hjJB = 1.18942 Re%5
( k ~\

aw. (15)

The contribution from the bubbles is the same as that
for subcooled bubbly flow described above.

Annular-Mist Flow

As in slug flow, interfacial heat transfer in annular mist
flow can be divided into two components. Heat is
transferred from the annular liquid film to the vapor
core and from the entrained droplets to the vapor core,
so hi consists of hjjnm and hj:dropiets- A large number is
used for the superheated liquid film portion to drive the
liquid toward saturation: hiiBlm = 3 x 106. Similarly, a
Nusselt number criterion is used for the droplet contri-
bution with Nu = 1500&.

hdrop,ets= 15000 l - ^ - J . (16)

For the subcooled liquid film portion, one of the sur-
face renewal model options currently in RETRAN-3D
is used. This option follows Banerjee's approach [15],
which uses a surface renewal period, tn to calculate
the interfacial heat transfer coefficient:

h, = 2.0 pm cpm (17)

where K is the thermal diffusivity. Three options for
calculating the surface renewal period are available,
including 1) a constant renewal period specified by the
user, 2) a renewal period based on characteristic
scales for annular flow in a round pipe, and 3) a re-
newal period based on the Hughes correlation.

The entrained droplet contribution is calculated using
the correlation of Theofanous [16]:

hi,droplets ~ 0-02 Pnq
 cp,liq vcirc •

where

'slip •

(18)

(19)

Dispersed Droplet

A constant value of Nu = 15000 is assumed for super-
heated liquid, as described above for annular mist
flow. The Theofanous correlation is used for subcooled
liquid.

Horizontally Stratified

A Dittus-Boelter correlation is used for superheated
liquid in the stratified flow regime, with an additional
term to generate a heat transfer coefficient sufficiently
large to prevent unrealistically high values of liquid su-
perheat [8]:

/ » i = -
Jhyd Pvap hfg j

(20)

For subcooled liquid, the surface renewal model op-
tions are used and are described above for annular
mist flow.

3 EVALUATION OF NEW MODEL WITH EX-
PERIMENTS

An assessment of the new model with experimental
data was carried out against experimental facilities
covering depressurization, condensation and steady
state void distribution. The assessment against the
first two tests (OMEGA and Edwards Pipe) is included
because it was not possible to perform these calcula-
tions with the original Five-Equation model.

3.1 OMEGA depressurization test No. 9

The French OMEGA rod bundle test No. 9 simulated
at a 1/2000 volume scale the blowdown phase of a
PWR large cold leg break [17].

The experimental test loop consisted of a heated sec-
tion connected upstream and downstream to spherical
reservoirs or plena. The plena, together with the pipes
acting as cold and hot legs, simulated the scaled pri-
mary side water volumes. Two fast-closing valves, one
located upstream of the cold leg plenum and the other
downstream of the hot leg plenum, were used to rap-
idly isolate the system during transients. The heated
section, a square channel, received power from a
bundle of directly heated rods with a cosine shaped
power profile and a midplane power peaking factor of
1.34. Two breaks, one in each leg, were simulated by
convergent nozzles attached horizontally at the plena's
midplane. The flow area of the hot leg break was four
times that of the cold leg, and rupture disks were bro-
ken in order to start the transients.

The experiment was initiated from a steady state flow
condition and the fast-closing valves effectively iso-
lated the system as soon as the transient started. The
system then rapidly depressurized as the inventory
was lost through both breaks. At 5.85 seconds the
power to the heater rods was switched off to prevent
them from overheating. Table 1 shows the system's
main parameters for transient No. 9.

A RETRAN-3D computer model of the OMEGA Test
Facility as configured to run test No. 9 was developed
based on the information provided in [17,18] and is
described in detail in [19]. Fig. 5 shows the noding
scheme of the RETRAN-3D model.
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Table 1 : OMEGA test No. 9 main parameters

System Pressure

Heater Power

Heat Flux

Inlet Mass Flow Rate

Temperature Increase

Opening of Breaks at

Closing of Cold Leg Valve at

Closing of Hot Leg Valve at

Switch off Power

13.4 MPa

2.428 MW
61.8W/cm2

11.9 kg/s

35 K

2.75 s

2.75 to 3.05 s

2.75 to 3.25 s

5.85 s

The OMEGA test No. 9 was simulated using the ther-
mal equilibrium, four-flow equation model and with the
new interfacial heat and mass transfer model de-
scribed above. In both cases, the Chexal-Lellouche
drift flux correlation [20] determined the vapor-liquid
relative velocity. The original five-equation model could
not complete the depressurization because of conver-
gence failure. The new model overcame this problem
by computing vaporization rates based on a more
physical approach, which prevented large liquid su-
perheats during the depressurization.

Pressure
Boundary
13.4 MPa

Atmospheric
Pressure

Injection
Hot Leg

Atmospheric
Pressure

Cold Leg
Break

Ventury Nozzle

Cold Leg

Heater
Channel

0.0 m

Fig. 5: OMEGA test No. 9 RETRAN-3D model

The system pressure history in the OMEGA Test was
determined by the loss of inventory through the
breaks, and its vaporization as a result of depressuri-
zation and heating in the heater section. The most im-
portant test parameter, the maximum clad tempera-
ture, was influenced directly by the voiding in the
heater section. Thus, the comparison of the code re-
sults to these two experimental system variables offers
a good indication of the performance of the models
which calculate vaporization rates. The inclusion of the
results of a thermal equilibrium model, with instanta-
neous vaporization, provides a reference to assess the
predictions of the new model.

Figures 6 and 7 show a good prediction of the system
pressure behavior and the heater rod surface tem-
perature by the new model compared to the experi-
mental measure and to the thermal equilibrium simula-
tion (four-equations).

14000.0

12000.0

10000.0

"Jo"
% 8000.0

6000.0

4000.0

2000.0

0.0 ^

— Five Equations
«•*" Four Equations

- Experimental

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

time (s)

Fig. 6: OMEGA test No. 9. System pressure (in hot
leg reservoir)
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Fig. 7: OMEGA test No. 9 heater temperature, ther-
mocouple at level 6 (vol. # 20)

3.2 Edwards pipe experiment

The Edwards pipe series of experiments [21] involved
the sudden depressurization of a horizontal pipe con-
taining saturated liquid at high pressure. The tests
were initiated by shattering the glass diaphragm at one
end of the pipe, which provoked a very rapid system
depressurization.

The experiment simulated here is Test 144. In this
test, the blowdown of a 0.206 m diameter pipe was
examined. A series of eight gauge stations was posi-
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tioned along the length of the pipe to allow transient
measurements of pressure, temperature, and density.
For Test 144, the initial pressure and temperature
were 5.5 MPag and 520 K respectively.

The noding diagram for the Edwards pipe simulation is
shown in Fig. 8. Variable-length volumes were used to
position the control volume centers at the same ex-
perimental gauge locations. A valve junction was used
to represent the break at one end of the pipe, and it
was connected to a large control volume at atmos-
pheric pressure, 0.101 MPa.

I * * - - i ' - »• »'~ i •*' i

1 2 3

Atmospheric Pressure

Fig. 8: Edwards pipe computer model

The simulation was performed using both the thermal
equilibrium four-equation and the new five-equation
models. The Chexal-Lellouche dynamic slip correlation
was used in both cases. The problem was ended
when the pipe pressure fell to atmospheric.

The results of the Edwards pipe test, presented in Fig. 9
show that the new interfacial transfer model added to
the five-equation model is able to calculate a very
rapid depressurization transient from high pressure
conditions to atmospheric pressure. Previous attempts
to perform such a calculation using the original five-
equation model failed immediately after the pipe was
opened to the atmosphere. The discrepancies ob-
served with the experimental results are of the same
magnitude as those offered by the four-equation
model and, within reasonable limits, close to the ex-
perimental results (except for the pressure during 0.1
and 0.35 seconds). The nature of the flow within the
Edwards pipe, because of the abrupt depressurization,
is known to be highly turbulent and with an essentially
multidimensional character. Therefore, simulation of
this process with a one-dimensional control volume

6000.0

5000.0
— Five Equations

Four Equations
Experimental

0.0 0.1 0.2 0.3 0.4 0.5

Fig. 9: Edwards pipe problem. Pressure in
volume #2

approach can be expected to yield differences to the
experimental results. Nevertheless, both RETRAN-3D
models were able to follow the experimental trends
observed in the pressure for the duration of the tran-
sient.

3.3 Lim et al. condensation experiments

An assessment of the new model's capability to cal-
culate accurate condensation rates is based on the
simulation of the condensation experiments with hori-
zontal co-current steam/water flow by Lim et al. [22].
As indicated in the introduction, one of the important
areas of application of this new model is the modeling
of condensation in the primary side pipes after LOCA
events. During these scenarios, steam comes in con-
tact with cold water at several locations in the primary
system, eg injection of emergency coolant water in hot
and cold legs.

The experiment was undertaken to measure conden-
sation of steam on a subcooled liquid layer in a simple,
well-defined system. The experimental set-up con-
sisted of a rectangular insulated channel of smooth
steel plates, and with a two-dimensional steam flow.
The liquid flowed along the bottom of the test section
in horizontally stratified co-current flow. The inlet plena
of the test section resulted in uniform flow at the en-
trance of the channel and the measured data indicated
that the water velocity profile was uniform across the
width of the channel. All the experiments were per-
formed with the exit of the test channel opened to the
atmosphere and with the inlet steam pressure 0.3 to
0.4 kPa above ambient pressure.

Unlike the first two assessment cases, in which ther-
mal disequilibrium is not of prime importance, in this
case, system behavior is dominated by disequilibrium
effects. Thus, in order to assess the new five-equation
model in condensation conditions, three experiments
were selected (No. 6,7 and 8 in [22]. For a given liquid
mass flow rate (1.44kg/s) and temperature (298.15 K),
three different steam inlet mass flow rates (0.065,
0.090 and 0.126 kg/s) and temperatures (389, 394 and
398 K) were selected. The steam mass flow rate
measured at 5 locations along the test section was
compared to the results of the new five-equation
model.

It is important to note, as stated in [22], that although
the steam was superheated, this had only a small in-
fluence in the rate of condensation because the latent
heat of vaporization is much larger than the difference
between the steam inlet enthalpy and that at satura-
tion. In fact, it was experimentally observed that the
free-stream steam temperature remained constant in
the test channel. This is important to justify the as-
sessment of the new five-equation model with this se-
ries of experiments, for RETRAN-3D assumes the
steam to be at saturation in a two-phase volume. In-
deed, the sensible heat transferred to the liquid phase
from the superheated vapor in a control volume to
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achieve this is much smaller than the condensation
heat transfer.

The comparison of the code results shown in Fig. 10 is
quite good. Condensation rates are well predicted
along the test section for different vapor mass flow
rates and vapor superheats.

0.2

0.1B

0.16

'0.14

Table 2: FRIGG-4 experimental
mass flow rate)

conditions (MFR:

Exper.
Case 6 :
Case 7:
Case 8 :

0.065
0.090
0.126

W ( : 1.44 kg/s , T l :

Case 5: 0.159
W l : 0.657 Kg/s . Tl

Tg (C) Caicu.

—— m
116.0 s
121.0 s

125.0
25.0 C, P=0.1 MPa

a
129.0

25.0 C, Ps0.26 MPa

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Distance from Inlet (m)

Fig. 10: Lim's et al. condensation experiments. Com-
parison to RETRAN-3D predictions

3.4 FRIGG-4 series of experiments

The FRIGG-4 series of experiments [23] involved
steady-state flow in a 36-rod, electrically heated rod
bundle. Subcooled liquid entered the test section and
the axial and radial void fraction distribution was then
measured in steady state. The axial power profile var-
ied smoothly and symmetrically peaked at the middle,
with a peaking factor of 1.18. The RETRAN-3D Model
consists of a test section with 22 vertical volumes at-
tached to powered heat structures, and ending in a
pressure boundary condition. The results of the simu-
lations were compared to the average void experi-
mental profile to assess the ability of the new five-
equation model to predict steady state void profiles
from subcooled conditions to void fractions close to
one. In this way, the flow inside the test section
spanned the entire flow map and used the corre-
sponding models for each flow regime. All the calcula-
tions used the Chexal-Lellouche dynamic slip option to
compute the interfacial drag.

Four of the FRIGG-4 series of experiments were
simulated with the new five-equation model. Table 2
displays the steady state conditions for the four ex-
periments.

The distribution of void fraction along the vertical test
sections, from subcooled inlet liquid to high void frac-
tion outlet, was considered as an appropriate test for
the vertical flow regime map, the interpolation proce-
dures and the model correlations. The results shown in
Fig. 11 present a smooth increase of the void fraction
along the vertical section. The trends and the void
fraction values are well predicted for the different inlet

Test

1
10
13
19

Pressure
(MPa)
4.88
4.87
4.99
5.03

Inlet Sub.
K

1.50
2.00
22.89
26.11

Power
MW
1.66
5.55
5.55
4.52

MFR
kg/s

10.04
9.64
9.83
9.73

subcoolings, powers and mass flow rates. A slight un-
derprediction is observed in all cases, especially in
tests 13 and 19 with large inlet subcoolings. The un-
derprediction in all cases is more important in the up-
per test section regions, which seems to indicate an
underprediction of the interfacial drag affecting the
steady state void distribution within the test section.
However, in general the results seem to suggest a
good integration and performance of the correlations
and models that constitute the set of constitutive rela-
tionships for the new five-equation model.
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o.ao;
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'0.60
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FRIGG 1. New Model
s FRIGG 1. Exp

FRIGG 10. New Model
m FRIGG 10. Exp

0.0 1.0 2.0 3.0

Distance from Inlet (m)
4.0 5.0

FRIGG 13. New Model
a FRIGG 13. Exp

FRIGG 19. New Model
a FRIGG 19. Exp

0.0 1.0 2.0 3.0 4.0

Distance from Inlet (m)

5.0

Fig. 11: FRIGG-4 series of experiments. RETRAN-
3D model, inlet conditions and comparison of
results
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4 CONCLUSIONS

The new interfacial heat and mass transfer model cal-
culates the phase change based upon the net heat
transfer to the liquid-vapor interface, which is assumed
to be at saturation. The heat transfer for each phase is
equal to the product of the interfacial area density, a
heat transfer coefficient and the difference between
the interface and the bulk temperature of the liquid
phase. In the proposed model the calculation of the
interfacial area density and heat transfer coefficient is
based on the concept of a "flow map" by means of
which the flow pattern in a computational volume can
be identified as a function of independent variables
such as the volume average void fraction and/or the
liquid and vapor mass fluxes. The details of the flow
map are based on the work of Taitel and Dukler, which
has been demonstrated to have a wide range of appli-
cation in terms of pressure, void fraction, mass flow
rate, etc.

An assessment of the performance of the new interfa-
cial heat and mass transfer model is based on four
analyses: an experimental depressurization transient,
ie the OMEGA test No. 9, a very rapid depressuriza-
tion of a pipe filled with high pressure saturated liquid,
ie Edwards Pipe, a steady state condensation test with
stratified horizontal flow, ie Lim et al.'s experiments,
and a steady state vertical void distribution test, ie
FRIGG-4 test series.

The original interfacial heat and mass transfer model
was not able to complete the simulation of either de-
pressurization transient due to the instabilities intro-
duced into the pressure field by an excessive liquid
superheat. The new model, however, could carry out
both simulations without numerical problems, thus
demonstrating the validity of the approach adopted for
its development. The results also showed a good
comparison to experimental data and to values ob-
tained with the standard RETRAN-3D four-equation
model. In the case of the Edward's Pipe, the pressure
prediction was better than that of the thermal-
equilibrium four-equation model due to the inclusion of
disequilibrium, which has some effect in this case.

The comparison of the new five-equation model results
for condensation showed good agreement, as did the
prediction of the void profiles of the FRIGG-4 series of
tests. These assessments helped to confirm the per-
formance of the models and correlations of the new
five-equation model and the transitions between the
flow regimes for vertical and horizontal flow. The tran-
sitions in horizontal flow, relevant for the Edwards pipe
simulation, seem to model correctly the transient be-
havior from pure liquid to almost single phase vapor,
whereas the models for horizontally stratified flow re-
gime were tested in the condensation simulations.

In summary, the new model has been tested against a
variety of situations directly related to its intended ap-
plication in safety analysis for nuclear systems, both in
steady-state and transient conditions. The model

shows good performance and enabled the completion
the calculations successfully. These results demon-
strate also the viability of adopting the interface-at-
saturation approach for interfacial mass and heat
transfer in a five-equation based code, in which the
vapor field must remain saturated in the presence of
liquid. This now provides a sound basis for further im-
provement, assessment and application of the model.
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THE PANDA TESTS FOR THE SWR 1000

PASSIVE CONTAINMENT COOLING SYSTEM

J. Dreier, C. Aubert, M. Huggenberger, H.J. Strassberger, G. Yadigarogiu

Since 1992, Siemens has been developing the SWR 1000, a new boiling water reactor with passive safety
features. This development has been performed in close co-operation with the German nuclear utilities and
with support from various European partners. Within the European Union sponsored project "BWR R&D
Cluster for Innovative Passive Safety Systems" and a bilateral contract between Siemens and the Paul
Scherrer Institute, the passive containment cooling system of the SWR 1000 design has been investigated
in the large-scale PANDA test facility at the Paul Scherrer Institute. A series of six tests were performed to
simulate transients selected to cover a range of failure assumptions and accident severity, including core
heat up and hydrogen generation. The results graphically demonstrate the self-regulating character of the
passive heat removal systems and their effectiveness, even under severe load, in limiting the containment
pressurisation. Some tentative conclusions for the SWR1000 are drawn, to be established by detailed
analyses of the data, to support models and codes for application to plant transients.

1 INTRODUCTION

Investigations of the safety characteristics of passive
containment cooling systems have been performed
within the ALPHA (Advanced Light Water Reactor
Passive Heat Removal and Aerosol Retention) Pro-
gramme at the Paul Scherrer Institute (PSI) since
1991. In the framework of international co-operations
including industrial partners, a variety of proposed
Advanced Light Water Reactor (ALWR) designs have
been investigated. The main focal points of the ALPHA
Programme are the experimental and analytical inves-
tigations of two of the main aspects of the contain-
ment, namely long-term decay heat removal and fis-
sion product retention [1,2]. The general approach for
these investigations comprises four basic elements
which were defined during the early phase of the
ALPHA Programme; thus:

• the large-scale integral system test facility PANDA,

• the medium-scale separate-effects test facility
LINX,

• the aerosol retention test facility AIDA/DRAGON,

• analytical investigations (model development, as-
sessment of different types of codes).

During 1996-98, the ALPHA Programme consisted
mainly of three projects within the 4th Framework Pro-
gramme on Nuclear Fission Safety of the European
Union. One of these projects is entitled "BWR R&D
Cluster for Innovative Passive Safety Systems" (IPSS,
[3]), and is focused on the most important innovations
for the safety systems of Boiling Water Reactors
(BWRs). The general objective of this project is to
evaluate the effectiveness of the passive safety sys-
tems. This is achieved through experimental investiga-
tion leading to model development, validation of com-
puter codes and assessment of uncertainties. This
models are then applied to the task of evaluating the
possibility of using passive safety systems for existing
reactors.

For the present work as well as several other activities
in the IPSS Project an innovative BWR design by
Siemens in Germany (SWR 1000, [4]) was used as
main reference design. The present paper refers to the
experimental large-scale transient system investigation
of the passive containment decay heat removal sys-
tem of the SWR 1000 design. Together with the ex-
perimental results of the complementary separate-
effects investigations with the specific SWR 1000 de-
cay heat removal component in the NOKO facility [5],
an extensive data base was generated which is being
used to demonstrate the capability of the various com-
puter codes used within the IPSS Project to predict the
performance of the specific containment decay heat
removal system and its relevant components.

After a description of the SWR 1000 reference design,
the PANDA test facility and its configuration for the
SWR 1000 investigations are presented. A short de-
scription of the experimental programme for the large-
scale integral system test investigations in the PANDA
facility is also given. From the six system tests per-
formed, the main test results and the corresponding
findings are presented. Finally, the main conclusions
related to the experimental results and the SWR 1000
are summarised.

2 THE SWR 1000 REFERENCE DESIGN

Based on the wide operating experience with German
Boiling Water Reactors, Siemens, in close co-
operation with the German nuclear utilities and with
support from various European partners, started in
1992 the development of a new BWR with a power of
about 1000 MWe [4]. The main innovation of the new
design consists of the introduction of passive safety
features which provide redundancy and diversity to the
active safety systems and hence allow a substantial
simplification of the active systems. This enables plant
economics that are comparable to those of large-
capacity nuclear power plants or fossil plants.
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For the SWR 1000 design, the following main safety
goals were defined:

• reduction of the probability of occurrence of a se-
vere accident involving core melt,

• confining of the consequences of an accident in-
volving core melt to the plant itself.

To meet these goals three special design features
have been identified: low core power density and large
water inventories within the Reactor Pressure Vessel
(RPV) as well as inside and outside the containment,
the above mentioned passive safety systems, and
additional passive features to ensure retention of the
molten core inside the RPV.

The operation of the passive systems is actuated and
controlled by basic physical phenomena, such as
gravity or heat transfer induced by temperature differ-
ences, without the need for activation by the reactor
protection system or a supply of electric power. The
passive system are designed in such a way that, even
under the assumption that all the active safety systems
fail, they are capable of removing the decay heat from
the core entirely by themselves for a period of several
days without any need for manual intervention.

The SWR 1000 reference design is shown in Fig. 1
[4,6]. At present, however, the SWR 1000 is still in the
design phase, so that design changes are still possi-
ble, especially following the results of on-going investi-
gations. In the following, the main components and
passive safety systems relevant to the present investi-
gations are described briefly.

The gravity driven core flooding system prevents a
core uncovery in the event of an accident. In the event
of a loss of coolant accident, steam or flashing water is
discharged into the containment atmosphere and sub-
sequent automatic de-pressurization takes place. The
large RPV water inventory prevents core uncovery
during de-pressurization. After RPV de-pressurization,
water from the four elevated core flooding pools is
discharged into the RPV, assuring water coverage of
the core throughout the rest of the transient.

The core flooding pools are used as primary heat sinks
in connection with both the safety relief valves (SRVs),
and the emergency condensers (ECs). Through pipes
equipped with spargers, energy from steam dis-
charged from the RPV through the SRVs is deposited
in the core flooding pool. Near the bottom of each core
flooding pool an EC is installed. The ECs are designed
for full RPV pressure and are connected to the RPV by
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Fig. 1: Sketch of the SWR 1000 containment with passive safety systems.
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non-isolatable steam discharge and condensate return
lines. When a water level drop in the RPV occurs,
water from the ECs drains and steam from the RPV
starts condensing there, hence energy is transferred
from the RPV to the core flooding pool. Depending on
the type of accident transient, a part or all of the en-
ergy initially present in the RPV is therefore transferred
to the core flooding pools and slowly raises their tem-
perature. Only after several hours the core flooding
pool water reaches saturated conditions and steam
release into the drywell starts.

Oryer-Separ.-
Siorage Pool

Mr..i!' Wi'i • '.'*' '

Enriched Gas/ Steam /
Condensate

Fig. 2: Operating principle of the SWR 1000 Building
Condenser.

For the long-term decay heat removal from the con-
tainment, so-called building condensers (BC) are in-
stalled above each of the four core flooding pools. The
operating principle of the BC is shown in Fig. 2. During
an accident transient, generation of steam can lead to
a rise in temperature and pressure inside the drywell,
thus leading to a temperature difference between the
primary (containment) and the secondary side of the
BC. Steam then starts condensing and this limits the
containment pressure and temperature. The secon-
dary side of the BC is permanently connected to the
dryer/separator storage pool situated above the con-
tainment by feed and return lines. Consequently, the
primary side steam condensation initiates the devel-
opment of the secondary side natural circulation. The
start-up of the BC system is therefore fully passive and
controlled only by the difference between the drywell
and secondary-side-water temperatures.

During an accident transient there is a broad variation
of the thermal-hydraulic conditions on the BC primary
side in terms of pressure, non-condensable gas con-
centration and natural circulation in the drywell. On the

BC secondary side, the discharge of the heated up
storage pool water involves water plume, stratification
and mixing phenomena which have an important influ-
ence on the secondary side thermal-hydraulic condi-
tions. Finally, the thermal-hydraulic conditions on both
sides determine the rate of heat removal by the BC. If
this power is smaller than the actual energy release
into the drywell gas space, the drywell pressure will
increase and thereby improve the BC heat removal
power, and vice versa.

In addition to the known condensation or main vent
pipes, the hydrogen overflow pipe is a similar connec-
tion from the drywell to the wetwell, but with a signifi-
cant smaller immersion depth in the pressure suppres-
sion pool (about 3 m). The inlet to this pipe is well
located above the BC in the core flooding pool com-
partment. For sufficient large drywell to wetwell over-
pressures the hydrogen overflow pipe will clear, i.e.
steam/non-condensable gas mixture actually present
at the inlet of the pipe in the drywell is vented into the
pressure suppression pool. Most of the steam con-
denses in the pressure suppression pool and the re-
sidual steam together with non-condensable gas are
released in the wetwell gas space, thus pressurising
the wetwell. Because the wetwell determines the back-
pressure of the whole containment system, the con-
tainment pressure correspondingly increases.

3 SWR 1000 CONTAINMENT SIMULATION IN
THE PANDA FACILITY

PANDA is a large-scale thermal-hydraulic test facility,
well suited for the investigation of containment multi-
compartment and 3D effects. Due to the modular con-
struction and a broad variety of vessel interconnec-
tions, the effort for modification and adaptation to spe-
cific uses can be minimised. In essence, the PANDA
facility consists of six cylindrical vessels (with a total
volume of 460 m3) and four pools above the vessels
(with a total volume of 60 m3). The height of the facility
is 25 m. Heaters with a maximum power of 1.5 MW
are installed in one of the vessels, to simulate, typi-
cally, the RPV. The facility is designed for maximum
operating conditions of 10 bar over-pressure and
180°C. Some detailed information about the different
auxiliary systems, which are used for preconditioning
the contents of the various PANDA components, in-
strumentation and the data acquisition system, the
computer-screen based operating and control system,
and the facility characterisation tests already per-
formed, can be found in [2,6].

Fig. 3 shows the PANDA facility configuration after
modifications for the investigation of the passive heat
removal from the containment by the BC system of the
SWR 1000 design (cf. Section 2, Fig. 1 and 2, [4]).
The Reactor Pressure Vessel (RPV) of the SWR 1000
is simulated by the PANDA RPV (1.25 m diameter, 20
m high) which is equipped with programmable 1.5 MW
electrical heaters which simulate the history of core
decay heat generation. One of two the PANDA
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Fig. 3: PANDA facility configuration for Building Con-
denser system tests.

drywells (4 m diameter, 8 m high) simulates a BC
compartment and the second one (same size) an
SWR 1000 drywell compartment. The two PANDA
drywells are interconnected by a large (1 m diameter)
pipe. The two PANDA wetwells (each 4 m diameter
and 10 m high) simulate the suppression chamber
including the pressure suppression pool. They have
two interconnections, one in the gas space (1 m di-
ameter) and one in the pool region (1.5 m diameter).
The dryer/separator storage pool is represented by
one of the PANDA pools (1.5 m by 2 m, 5 m high) on
top of the facility.

For the simulation of different types of breaks and
steam sources three RPV steam discharge lines into
the drywell compartments are installed (cf. Fig. 3):

A) low momentum steam discharge near the top of the
drywell compartment (allows for maximum stratifi-
cation),

B) high momentum steam discharge near the bottom
of the drywell compartment (allows for maximum
mixing in the lower part of the drywell),

C) similar to B), but at the bottom of the core flooding
pool compartment.

As also shown in Fig. 3 are the inlet to the PANDA
hydrogen overflow pipe which is located about 1 m
above the BC and the outlet in the PANDA wetwell
which is 1 m below the pressure suppression pool
water surface.

The PANDA core flooding pool compartment contains
a scaled model of an SWR 1000 Building Condenser.
Between two collector pipes 25 prototypical finned
tubes (with a slightly shorter length) are arranged in
two layers. The BC secondary side feed line starts
near the bottom of the PANDA Storage Pool and is
connected to the lower collector pipe of the BC. The
upper collector pipe is connected to the BC secondary
side return line which discharges the warmed up water
back to the storage pool.

For the investigations presented in this paper, only the
important systems in relation to the passive contain-
ment cooling system of the SWR 1000 have been
simulated. Therefore, the core flooding pools, including
the emergency condensers and the safety relief valve
spargers were not simulated, since they do not materi-
ally affect the main goals of the BC investigations.

Based on the actual SWR 1000 design and the size of
the PANDA components, the configuration described
above represents the SWR 1000 at a scale of 1:26
with respect to volume and power (including the BC).
The representation is prototypical with respect to im-
portant heights. The only relevant scaling distortion
results from the volume of the PANDA storage pool
which, at the above mentioned scale, is 7.8 times too
small. Nevertheless, by accelerating the simulated
transients in PANDA by the same factor, the heat-up
of the PANDA storage pool can be simulated and
therefore the BC secondary side conditions as well.
For the simulations in PANDA, the fluids and thermo-
dynamic conditions are prototypical. However, nitrogen
and hydrogen are replaced by air and helium, respec-
tively.

4 SWR 1000 PASSIVE CONTAINMENT COOLING
SYSTEM TEST PROGRAMME IN THE LARGE-
SCALE PANDA FACILITY

Steam released to the drywell during an accident tran-
sient increases the containment pressure and tem-
perature. Due to the consequent temperature increase
in the drywell the BC system starts automatically re-
moving heat from the containment to the
dryer/separator storage pool outside the containment.
Thus, the heat removal capacity of the BC system
during an accident transient determines the maximum
containment pressure, which must be within the design
pressure of the containment. The heat removal capac-
ity of the BC depends, among others, strongly on the
non-condensable gas concentration at the BC primary
side (cf. Section 2), which depends on the behaviour
of the steam and non-condensable gas inside the
containment with respect to mixing and stratification
during the transient.

Thanks to its BC configuration (cf. Fig. 3) and large
scale, the PANDA facility can realistically simulate the
range of conditions expected for the various SWR
1000 accident transients, including important three-
dimensional effects. Especially, the PANDA two-vessel
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concept for the simulation of a drywell can ideally be
used for the simulation of two different type of drywell
compartments, namely the core flooding pool com-
partment as well as a standard drywell compartment.
The main objectives of the PANDA BC transient sys-
tem test programme are to investigate the following:

• containment behaviour in the presence of a heat
sink inside the drywell: concept demonstration,

• Building Condenser behaviour under different con-
ditions in the drywell,

• influence of a large amount of light non-
condensable gas on system behaviour and BC
heat removal performance,

• influence of secondary side natural convection on
the BC heat removal performance,

• generation of an experimental data base for model
development and computer code validation.

Table 1 : PANDA Building Condenser Transient
System Test Matrix.

Test No.

BC1

BC2

BC3

BC4

BC5

BC6

Test Characterisation

Transient without loss of coolant

Small break without core overheat,
little stratification

Small break without core overheat,
strong stratification

Small break with core overheat,
strong stratification

Medium break with core overheat,
little stratification

Large break without core overheat

Based on preliminary analyses, the important SWR
1000 accident transients were identified. Together with
the above listed objectives, they led to the PANDA BC
transient system test matrix given in Tab. 1. The fol-
lowing main test parameters are investigated:

• RPV heater power/steam production rate,

• drywell steam injection location and velocity with
respect to the effect on steam/non-condensable
gas stratification and mixing,

• quantity, type, and distribution of non-condensable
gases.

5 OVERVIEW PANDA SYSTEM TEST RESULTS

As mentioned in Section 3, the core flooding pool,
emergency condenser and SRV discharge pipes are
not simulated in the present PANDA BC test series.

Instead, during the early phase of the accident tran-
sients, i.e. during the time periods when the core
flooding pool absorbs a significant amount of energy,
the expected thermal-hydraulic conditions in the core
flooding pool compartment gas space are obtained by
a corresponding steam release from the PANDA RPV.
To compensate during the same time period, a smaller
time acceleration factor for the PANDA transient is
used because only a part of the energy is removed to
the Dryer/Separator Storage Pool. After the core
flooding pool becomes saturated the time acceleration
factor of 7.8 (cf. Section 3) is used because the steam
release into the drywell corresponds now to the actual
decay heat power and the storage pool constitutes the
main heat sink.

Establishment of saturated conditions (i.e. ~ 99°C) in
the PANDA storage pool was the test termination crite-
ria for all six BC system tests performed in the PANDA
facility and presented below.

5.1 TestBCI

Test BC1 simulates a transient without loss of coolant,
i.e. the transient starts from cold conditions and with
mainly air present in the containment. During this tran-
sient the energy released from the RPV is always
transferred to the core flooding pool, and correspond-
ingly steam injection point C) (cf. Section 3, Fig. 3)
was used throughout the whole test.
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During a first test phase, simulating heat up of the core
flooding pool to saturated conditions with respect to
drywell pressure, the temperature and pressure con-
tinuously increase in the drywell (cf. Fig. 4, 5). Due to
the large air concentration in the vicinity of the BC, its
heat removal capacity at the beginning of the test is
almost zero, but increases continuously to a value of
about 300 kW till the end of the first test phase. The
increase is the result of the temperature increase in
the core flooding pool compartment (cf. Fig. 5), but
also of the decreasing air concentration around the BC
(cf. Fig. 4). Because the steam discharge power into
the drywell is larger than the BC capacity, the hydro-
gen overflow pipe clears, causing a continuous venting
of air to the wetwell. Thus the whole containment is
pressurised.

During the second test phase, the RPV heater power
corresponds to the decay heat power. The above
mentioned phenomena continue and almost pure
steam conditions are established in the core flooding
pool compartment until the end of the test (cf.
Fig. 4, 5).

In contrast, the drywell compartment shows a clear
stratification at the end of the test. Because air is
heavier than steam, almost pure air accumulates in the
lower part of this compartment. Above the large con-
nection pipe (cf. Fig. 3) the air is replaced by steam
more slowly (cf. Fig.5) than in the core flooding pool
compartment, but towards the end of the test almost
pure steam conditions are also established there.

The still increasing system pressure at the end of the
test demonstrates the too small BC capacity at that
time, but the pressure increase improves the capacity
until it matches the actual decay heat power. Had the
test continued the pressure would have levelled out. In
Fig. 5, the BC secondary side feed and return line
temperature are also shown. As mentioned in Sec-
tion 2, the feed line temperature is determined by the
mixing/stratification phenomena in the storage pool. As
can be seen from Fig. 5, this continuously decreases
the heat transfer driving temperature difference
(between BC primary and secondary side) until the
storage pool is saturated. Between about 6000 s to
11000 s, the transition from single phase to two phase
flow natural circulation takes place on the BC secon-
dary side. During this limited time period flow oscilla-
tions takes place on the secondary side which are
indicated by the temperature oscillations in Fig. 5 (cf.
Section 6).

Test BC1 lasted about 15'000 s which corresponds to
about 34 hours SWR 1000 transient time.

5.2 TestBC2

A small leak at the bottom of the RPV was simulated in
Test BC2. At the beginning of this transient, hot pres-
surised water is discharged into the drywell generating
a large amount of steam. Thus, the drywell is pressur-
ised and a steam/nitrogen mixture is vented to the

wetwell. The simulation of the transient in PANDA
starts near the end of this de-pressurisation phase, i.e.
when the containment pressure is at about 2 bar. At
that time in the transient, the air partial pressure in the
drywell is about 0.5 bar.

During a first phase, the energy removal from the RPV
mainly takes place through the leak, which is simu-
lated by the steam injection point B (Bottom of drywell
compartment, cf. Fig. 3 and Section 3). Due to the low
air concentration and a higher temperature of about
110°C (compared to the beginning of Test BC1), the
BC heat removal is already significant and exceeds
the RPV steam release, leading to a de-pressurisation
of the drywell to about 1.4 bar (cf. Fig. 6).

-1000 1000 3000 5000 7000 9000 11000 13000 15000
Time [s]

Fig. 6: PANDA Test BC2: Drywell pressure and air
partial pressures.

Subsequently, the core flooding pool heat-up starts,
which is simulated during a second test phase by in-
jecting steam also at the bottom of the core flooding
pool compartment (injection point C). During this
phase the drywell is re-pressurised following the
flooding pool water temperature increase.

Finally, the core flooding pool starts boiling and the
PANDA RPV heater power corresponds to the actual
decay heat power (third test phase). During this
phase, only steam injection point C is used, in order to
simulate the boiling core flooding pool. As shown in
Fig. 6, the containment pressure increases during this
third phase until the end of the test, indicating the self-
adjusting behaviour of the BC system, described
above for pure steam conditions around the BC.

Fig. 6 also shows the air partial pressure at the bottom
of the drywell and the core flooding pool compartment.
Depending on the drywell steam injection location, air
removal or accumulation takes place. During the third
test phase almost all air is removed from the bottom of
the core flooding pool compartment, whereas air ac-
cumulation occurs at the bottom of the drywell com-
partment. Due to the lower initial air concentration and
the different transient history, significantly less air has
accumulated at the end of Test BC2, in comparison to
Test BC1.

Test BC2 lasted about 14000s which corresponds to
about 23 hours SWR 1000 transient time.
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5.3 TestBC3

Test BC3 simulated a small-break loss of coolant acci-
dent at a high elevation in the drywell compartment.
This transient has a very similar sequence of phases
as described for Test BC2, namely: RPV de-
pressurisation with a large steam release through the
leak, time period of BC heat removal over-capacity
and corresponding drywell de-pressurisation, core
flooding pool heat-up with drywell re-pressurisation,
and finally the boiling core flooding pool phase. The
transient simulation in PANDA started just before the
end of the RPV blow-down phase. At this time in the
transient, the RPV pressure is about 1.9 bar, while the
drywell pressure is about 1.3 bar including 0.3 bar air.

As shown in Fig. 7, the RPV de-pressurisation is ter-
minated about 500s after the start of the test, i.e. the
RPV and drywell pressure are almost equal. Due to
the BC heat removal over capacity, the drywell starts
to de-pressurise. As soon as the drywell temperature
reaches that of the core flooding pool, the drywell tem-
perature follows the core flooding pool heat-up and re-
pressurisation occurs. Finally, the core flooding pool
starts boiling and the decay heat power is applied to
the RPV heaters.
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Fig. 7: PANDA Test BC3: Drywell pressure and air
partial pressures and Wetwell pressure.
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Fig. 8: PANDA Test BC3: Wetwell suppression pool
and gas space temperatures.

Although almost pure steam conditions were estab-
lished in the vicinity of the BC, due to the low drywell
pressure (only about 1.5 bar) the BC heat removal rate
is well below the decay heat power and significant

amount of steam is vented to the wetwell. Therefore,
the wetwell constitutes a significant heat sink during
the last phase of this transient, and causing the con-
tinuously increasing pressure shown in Fig. 7.

The effect of steam venting on the wetwell tempera-
tures is shown in Fig. 8. At the outlet of the immersed
hydrogen overflow pipe, the vented steam is rapidly
condensed by the cold suppression pool water. The
water is locally warmed-up and rises to the pool sur-
face and causes some mixing in the upper part of the
suppression pool. Due to the increased pool water
surface temperature, the wetwell gas space is pres-
surised by increasing steam partial pressure and cor-
responding heat-up of the air present in the gas space.
As is also shown in Fig. 8, the lower part of the sup-
pression pool (i.e. below the hydrogen overflow pipe
exit) is not influenced by the venting process and stays
at a constant temperature.

The end of Test BC3 corresponds to about 37 hours
SWR 1000 transient time.

5.4 TestBC6

An SWR 1000 double-ended Main Steam Line break
was the reference transient for PANDA Test BC6.
According to the evaluated SWR 1000 transient sce-
nario, the simulation in PANDA was composed of five
different test phases.
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Fig. 9: PANDA Test BC6: RPV, Drywell and Wetwell
pressures.

The simulation started with the first phase just before
the end of the RPV de-pressurisation, i.e. at pressures
of about 5 and 3 bar in the RPV and the containment,
respectively (cf. Fig. 9). Violent steam release into the
drywell, especially during the very first phase of the
SWR 1000 transient, caused all the air and a signifi-
cant amount of steam to have already been vented to
the wetwell at this time. Accordingly, from the very
beginning of the transient simulation, the pure steam
and high temperature conditions in the drywell result in
very favourable heat removal performance of the BC.

Therefore, the second test phase which simulates heat
up of the drywell structures and core flooding pool is
characterised by an over-capacity of the BC, resulting
in a drywell pressure decrease. Drywell de-pressuri-
sation is also the main effect during the third test
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phase, except in the early part when additional steam
is generated due to the external RPV cooling and a
slight re-pressurisation of the drywell takes place.
Early in the fourth test phase, the minimum drywell
pressure of about 2 bar is reached and the re-
pressurisation starts.

The final phase simulates the boiling of the core
flooding pool and the steam release into the drywell
corresponds to the decay heat power. During this
phase the drywell pressure increases to about 3 bar at
which the BC performance just matches the decay
heat power.

Except for a short time period at the beginning of the
third test phase, after the RPV de-pressurisation no
energy is deposited into the wetwell until the end of
Test BC6. This is indicated by the constant wetwell
pressure throughout this part of the transient, which is
also shown in Fig. 9.

Test BC6 lasted about 13500s which corresponds to
about 28 hours SWR 1000 transient time.

5.5 TestBC4

PANDA Test BC4 is again a simulation of a small
break loss of coolant accident at a high elevation in the
drywell compartment, and is hence very similar to Test
BC3. However, for Test BC4 the malfunction of the
core flooding system is postulated, leading to a core
overheat. Both, the additional heat production by the
strongly exothermic zirconium-water reaction as well
as the corresponding hydrogen production (by inject-
ing a large amount of helium into the PANDA RPV)
were simulated during the corresponding phase of
Test BC4.

Until the helium injection starts, Test BC4 follows the
same course as Test BC3 (the two tests were also
started with the same initial conditions). The only dif-
ference is a slightly larger steam release to the drywell
during the third phase of Test BC4 due to RPV outside
cooling after initiation of the drywell flooding system.
Nevertheless, the drywell pressure at the beginning of
the fourth test phase, simulating the boiling of the core
flooding pool, is essentially the same for both tests (cf.
Fig. 7,10).

Through helium injection into the Reactor Pressure
Vessel the whole system is immediately pressurised
(cf. Fig. 10) and about half of the steam/helium mixture
flows through the Hydrogen Overflow Pipe to the
wetwell. After the end of helium injection, stratification
starts to develop in both drywell compartments due to
the continued steam injection near the bottom of the
core flooding pool compartment. Because helium is
lighter than steam, it tends to accumulate in the upper
part of the drywell compartments. The helium is pres-
ent around the BC, and therefore limits the heat re-
moval capacity. Therefore the drywell becomes further
pressurised and the steam/helium vent flow to the
wetwell continues. This removes helium from the BC
region and the BC heat removal increases again. The

Fig.
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10: PANDA Test BC4: Reactor Pressure Vessel,
Drywell and Wetwell pressures.
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11: PANDA Test BC4: Drywell compartment
temperatures.

system pressure finally levels off when the BC heat
removal capacity corresponds to the actual decay
heat.

In Fig. 11 some drywell compartment temperatures
are shown in order to demonstrate, under the as-
sumption of saturated conditions, the helium stratifica-
tion in this compartment. After the helium injection
ended, the temperatures in the lower part (i.e. below
the large drywell connection pipe, cf. Fig. 3) of the
drywell compartment continue to increase and ap-
proach the saturation temperature, towards the end of
the test. This demonstrates that the non-condensable
gas was being removed from this part of the drywell
compartment. The temperature near the top of the
drywell compartment stays essentially constant after
the end of the helium injection phase. The temperature
of about 120°C implies a helium partial pressure of
2.5 bar at the end of the test and indicates the signifi-
cant helium accumulation in the upper part of the dry-
well compartment.

The end of Test BC4 corresponds to about 23 hours
SWR 1000 transient time.

5.6 TestBC5

Test BC5 simulates a feed-water line break with a
postulated core overheat. For this transient the failure
of both the core and the drywell flooding system is
assumed. The steam from the RPV is discharged to
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the drywell through the feed water leak during the
whole transient, so that only the discharge point A (top
of drywell compartment, cf. Fig. 3 and Section 3) was
used. At the beginning of this transient a large amount
of steam is discharged to the drywell, leading to the
same initial conditions as for Test BC6 (main steam
line break transient), namely pure steam at 3 bar in the
drywell, almost 3 bar wetwell pressure, and a RPV
pressure of about 5 bar. This simulated the end of the
blow-down phase.

As shown in Fig. 12, the system response of Test BC5
is very similar to Test BC6 (cf. Fig. 9) until the third test
phase. At about 3000 s, zirconium oxidation starts and
the hydrogen produced in the RPV shuts down the
emergency condenser. Thus, heat-up of the core
flooding pool stops and all the heat produced in the
RPV (decay heat plus zirconium oxidation) is directly
discharged to the drywell compartment (start of fourth
test phase).
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Fig. 12: PANDA Test BC5: Reactor Pressure Ves-
sel, Drywell and Wetwell pressures.
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Fig. 13: PANDA Test BC5: Drywell compartment
temperatures.

In a similar manner to Test BC4, the helium is injected
into the RPV and immediately pressurises the whole
system. The steam discharge location into the drywell
is the main difference corresponding to the transient
scenario after the core overheat phase (i.e. end of
helium injection), between the Tests BC4 and BC5. In
fact, the steam release at top of the drywell compart-
ment prevents helium accumulation in the upper part
of the drywell compartment. Consequently, much more

helium, is vented to the wetwell, compared to Test
BC4, which results in a significantly higher contain-
ment pressure at trie end of Test BC5.

In Fig. 13 the same drywell compartment temperatures
are shown as in Fig. 11 for Test BC4. The temperature
traces in Fig. 13 indicate that the drywell compartment
is well mixed after the end of helium injection and the
non-condensable gas is continuously removed from
the whole compartment. Thus all temperatures ap-
proaches the saturation temperature towards the end
of the test.

Test BC5 lasted about 12000s which corresponds to
about 20 hours SWR 1000 transient time.

6 CONCLUSIONS

Based on the experimental results of all six PANDA
BC tests and the analysis of the experimental data
performed up to now the following conclusions can be
drawn:

• the operation of the Building Condenser Concept
for passive heat removal from a BWR containment
was successfully demonstrated for a variety of ac-
cident scenarios, including core overheat;

• the BC system in combination with the wetwell
constitutes a self-regulating system with respect to
BC heat removal capacity;

• non-condensable gases are automatically removed
from the Building Condenser primary side and thus
creating favourable (i.e. pure steam) heat removal
conditions;

• the occurrence of temperature/non-condensable
gas stratification is a key issue in the containment
design concept and this was demonstrated very
well throughout the tests;

• no flow instabilities on the BC primary side were
observed in any of the tests;

• steam/non-condensable gas mixture venting from
the drywell through the hydrogen overflow pipe to
the wetwell occurs smoothly and efficiently;

• the system pressure stayed always below 3 bar,
during all design basis accident transients;

• the maximum pressure reached was about 6.5 bar,
during accident transients with core overheat;

• temporary flow oscillations on the BC secondary
side are unavoidable under certain conditions. With
this knowledge it will be possible to eliminate ad-
verse effects from the SWR 1000 by suitable de-
sign.

From the experimental results of the Building Con-
denser investigations in the PANDA facility and the
above listed conclusions, several conclusions with
respect to the SWR 1000, especially related to the
Building Condenser design, can also be drawn.
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12 hours after the initiation of an accident transient,
the influence of non-condensable gases on the BC
primary side is almost negligible, i.e. the use of finned
tubes, from a thermal-hydraulic standpoint of view, is
not essential. Only about one day after accident initia-
tion the heat removal capacity of the BC should match
the actual SWR 1000 decay heat power, thus the de-
sign criteria for the BC heat removal capacity can be
improved.
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A SIMPLIFIED TREATMENT OF THE BOUNDARY CONDITIONS OF THE

k-£ MODEL IN COARSE-MESH CFD-TYPE CODES

G.Th. Analytis, M. Andreani

In coarse-mesh, CFD-type codes such as the containment analysis code GOTHIC, one of the options that
can be used for modelling of turbulence is the k-e model. However, in contrast to most other CFD codes
which are designed to perform detailed CFD calculations with a large number of spatial meshes, codes
such as GOTHIC are primarily aimed at simplified calculation of transients in large spaces (e.g., reactor
containments), and generally use coarse meshes. The solution of the two parabolic equations for the k-e
model requires the definition of boundary conditions at physical boundaries and this, in turn, requires very
small spatial meshes near these boundaries. Hence, while in codes like CFX this is done in a rigorous and
consistent manner, codes like GOTHIC adopt an indirect and heuristic approach, due to the fact that the
spatial meshes are usually large. This can have adverse consequences during the calculation of a transient
and in this work, we shall give some examples of this and outline a method by which this problem can be
avoided.

1 INTRODUCTION

Within the EURATOM Fourth Framework Programme,
the Paul Scherrer Institute (PSI) has played a major
part in the Technology Enhancement of .Passive
Safety Systems (TEPSS) project [1]. The project is
adding significantly to the technology base related to
advanced Boiling Water Reactors (BWRs). An impor-
tant part of this project is the analytical work to under-
stand the specific phenomena which control the per-
formance of the passive safety systems. Among these
phenomena, the occurrence of mixing or stratification
(thermal or of gas species) in large volumes is of great
importance. In this framework, calculations are being
performed to address the phenomena observed in
tests carried-out in the PANDA facility [2]. A number of
detailed studies are under way for a better under-
standing of phenomena taking place in different parts
of the facility.

For this analysis, one of the tools used is the code
GOTHIC [3] which is a 3D, 3-fields (vapour, liquid and
droplets) code developed specifically for containment
analysis, and has the additional capability of modelling
a mixture of gases including air. The code options
include a laminar flow model or one of two turbulence
models, the mixing-length model or the more sophisti-
cated k~e model.

As part of the effort to analyse and characterise the
various mixing phenomena important in advanced
reactor technology, we seek a better description and
understanding of the way that a jet of steam injected in
a vessel filled with air eventually purges the air from
the vessel. In particular, we are interested in the time
taken for the air to be purged by the steam, and the
time evolution of the spatial distribution of temperature
and air concentration in the vessel. In order to be able
to compare the results obtained by GOTHIC with CFD
calculations (by means of the CFX-4 code [4]) and to
assess some basic features of the code, the calcula-
tions were first carried-out for a simpler geometry and
wall heat transfer and condensation effects were ne-

glected. When the laminar or mixing-length option was
used, the simulation ran without any noticeable prob-
lem. However, when the k-e model (which provides
a more realistic treatment for turbulent flows in large
volumes) was activated, a number of problems were
encountered. In particular, after some time in the tran-
sient, the turbulent kinetic energy at some computa-
tional volumes increased to values much higher than
the average kinetic energy of the flow. The result of
this unphysical increase of turbulence was that, within
a very short time, the turbulent diffusivity increased
rapidly to unrealistically high values and the steam and
the air were completely mixed. Furthermore, as ex-
pected, the time-step was reduced to unacceptably
low values.

In this work we shall report on the modelling of some
transients similar to the one we mentioned above and
we shall discuss the results obtained by the standard
version of the GOTHIC code. Indeed, it was through
the analysis of some simple conceptual transients that
the problems we shall discuss in this report were re-
vealed. In what follows, we shall report the results
obtained by the version 6.0 (QA, Quality Assurance) of
the code. Similar results had been obtained with ver-
sion 5. The recent interim version of the code released
after the version 6.0 (QA), includes modifications of
the treatment of the wall boundary conditions which,
under certain conditions, seem to solve the problems
reported in this paper. These modifications, for most
cases, produce the same results as the "fix" which we
proposed in a previous report [5], i.e., the turbulent
kinetic energy at the wall remains bounded, which
seems to be a key issue for any coarse mesh descrip-
tion of bounded turbulent flows. However, as we shall
also discuss in section 5, there are still difficulties as-
sociated with this new approach.

In section 2, we shall outline the way that the k-e
turbulence model equations are coupled with the pha-
sic momentum equations in GOTHIC, the way that
they are numerically solved and shall identify the incor-
rect way that the boundary conditions for these vari-
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ables are defined at the walls, which is in fact the root
of the problem. In section 3, we shall present the re-
sults obtained for some simple transients by using the
standard version of the code and discuss all the prob-
lems encountered, the origin of which is the above
treatment of the boundary conditions. In section 4, we
shall describe the way that we avoided these problems
by imposing a limit on the turbulent kinetic energy at
computational cells which include a physical boundary.
As a result of this modification, a number of other
similar cases which previously gave similarly unphysi-
cal results were re-analysed successfully, giving us
confidence in the code modifications introduced.

2 THE k-e EQUATIONS AND THEIR NUMERI-

CAL SOLUTION IN GOTHIC

GOTHIC provides two different turbulence models: the
rather simple mixing-length model, and the more so-
phisticated k-e model which is now the generally
accepted model for this kind of engineering applica-
tions. It can be summarised as follows: The phasic
momentum equations for phase f in GOTHIC include
the turbulence stress term which must be separately
modelled; these equations can be written as

) =

DUETOTURB.

,lp + afpfg+<Vj>rf (2.1)

SHEAR

where r. is the mass generation rate of phase f, and

the other symbols have the usual meaning. The tur-

bulence stress tensor t_ can be modelled (as al-

ready noted) by using the k-e model. The turbulent

kinetic energy of phase f is defined by

(2.2a)

while the dissipation tensor (e,y)f by

(2.2b)

and the corresponding energy dissipation ef = (ejf. A
set of time-dependent differential equations including a
number of empirical constants can be written down for
kf and e/which are solved in the code; subsequently, kf

and Ef are used to define the turbulent viscosity | i f by

i
ef

(2-3)

where C^ is also an empirical constant. This quantity,
which for highly turbulent flows is 2-4 orders of mag-
nitude larger than the molecular viscosity u., is used in
the phasic momentum equations for modelling the

term T_,[3]. We note that these two differential equa-
tions are not implicitly coupled with the rest of the
code, and so situations may arise where a sudden
increase in the value of, say, k results in numerical
problems. Furthermore, as we shall discuss in this
work, the fact that in the version of GOTHIC used in
this work the boundary conditions for the solution of
the two k-e model equations are formulated in an

indirect (and not physically sound) fashion, may fre-
quently result in unbounded growth of the turbulent
kinetic energy k and the turbulent viscosity JJX AS al-
ready noted, the direct consequence of this unphysical
behaviour is that since the level of turbulence greatly
increases, mixing is predicted to occur very quickly in
all computational cells.

The two k-e model equations can be written (without
the index /"which denotes the phase) as

dk

ck

d(Vjk)

= CONVECTION

Ck

°k=

d2k
afPf dxf
DIFFUSION

I

V

D. DIFFUSION

U + vj,i)vJ

he

(2.4a)

for the k term (where Set is the turbulent Schmidt
number) and

C = CONVECTION
s
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d2e

D = DIFFUSION
e

d2e(k2'

D = DIFFUSION
£

(2.4b)

for the e term. C-|E, Ce, C ĝ and Qjg are empirical con-
stants, Ck =1. The quantities Ss and St, are the pro-
duction of turbulent kinetic energy by shear and buoy-
ancy, given by

(2.5a)

and

(2.5b)

respectively, and Rf is the flux Richardson number
given by

R 1

r " 2
(2.5.C)

An overbar denotes a time-averaged (over short time
scales) value.

Equations (2.4a) and (2.4b) are solved numerically.
We shall briefly outline the way this is done and in the
process of doing this, we shall also indicate the way
that the boundary conditions for these equations are
taken into account in GOTHIC, this being the cause of
the problems reported in this work. The "new-time"
values kn+1 and en+1, are obtained after finite-
differencing these equations in space and time; thus:

"SOURCE" (qkf

(2.6a)

and

"SOURCE" (qef

'IV
At (2.6b)

where he, hce and vc are defined in equations (2.4a)
and (2.4b).

Notice that the last term in each of the two finite-
difference equations above is introduced in order to
take into account the boundary conditions and kw and
ew are the turbulent kinetic energy and dissipation at
the wall, respectively. These are defined as follows:
One defines the turbulent kinetic energy kw "at the
wall" by [5,6]

k -
kw —

(2.7)

where Cm = 0.09 is one of the constants of the k-e
model; Vfr is the phasic friction phasic speed, which
results from the universal velocity profile for the veloc-
ity parallel to the wall. However, in GOTHIC, Vfr is in-
stead defined as

and

(2.8a)

(2.8b)

where f is the friction factor as calculated from an em-
pirical correlation for a smooth pipe. Also, one defines
the dissipation at the wall ewby [5,6]

(2.9)e *
w OAy.

where yc is the physical distance from the wall. How-
ever, in GOTHIC, yc is defined by
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50//

pf max(Vfr,O.Oi)
(2.10)

where p. is the molecular viscosity. As we have already
discussed before, during the iterations for solving the
two discretised, finite-differenced non-linear k-e
model equations, k and e are forced to attain the val-
ues kw and ew at the wall. In other CFD codes (e.g.
CFX, ASTEC etc), the boundary conditions at the walls
(i.e. eqs. (2.7) and (2.9)) are treated rigorously. How-
ever, this requires a very fine mesh near the wall,
something which is against the philosophy of the con-
tainment analysis codes such as GOTHIC. In equa-
tions 2.6a and 2.6b (be) is a rather complicated
"smoothing" function.

The two non-linear algebraic equations above are
solved iteratively for k"+i and e™-1 using Newton's
method, and at the end of each iteration (a maximum
number of 20 iterations is allowed) one updates the
values from the previous iteration with the ones ob-
tained from the current one. Finally, apart from the
usual restrictions based on mass-error and other con-
vergence considerations, when the k-e model is

used, the explicit numerical advancement requires that
the time-step is also limited by

At< min, ,
[All cells)

(2.11)

where z is a mesh length-scale, p the corresponding
phasic density.

3 SIMULATIONS AND CODE PREDICTIONS

In the course of the assessing the applicability of
GOTHIC to some specific phenomena, notably gas
mixing in the drywell of the PANDA facility, attempts
were first made to understand the way the code would
predict some simpler cases. Different cases of injec-
tion of hot air or steam in a vessel containing cold air
were analysed, to investigate the mixing phenomena
and to examine the capability of the code to capture
the underlying physical processes. Turbulence clearly
plays a very important role for such transients and
therefore, in order to be able to successfully analyse
them, a turbulence model is required.

In this work, we shall report on the analysis of two
relatively simple transients using a 2-dimensional
nodalisation. Results of two cases which we analysed
using the standard code and again using the modified
code, are described in sections 3 and 4 respectively.
To demonstrate better the effect of the code change,
the results using the two versions are displayed side
by side in figures 1A, 1B, 2A, 2B, etc. The A-series
refer to the standard code results and the B-series to
the modified code.

Maximum turbulent dynamic viscosity
cv2

100 125

Time (sec.)

Maximum turbulent dynamic viscosity
cv2

60 120

Time (sec.)

180 240 300

Fig. 1: Maximum turbulent viscosity j i f (Ns/m2) for the
box test-case with the standard (A) and modi-
fied (B) code.

(a) Box test-case

In this transient, air at a temperature of 100°C is in-
jected with a speed of 0.5 m/s into a vessel filled with
air at a temperature of 25°C and pressure of 1 bar.
The air is injected from the centre of the bottom of the
vessel while at the centre of the top, there is an outlet.
The width and height of the vessel are 1 m and 4 m,
respectively. The mesh size in the lateral direction is
0.2 m and axially, 0.5 m. In Fig. 1A, we show the
maximum turbulent viscosity u.'. One can see that p.*
increases to unrealistically high values until, at around
100 s, it suddenly increases more rapidly to about
1000 N s/m.2 at approximately 112 s. Here, we should
point out that the molecular viscosity of the air is about
1.8 10-5; hence, the above value indicates a predicted
turbulent viscosity of some 8 orders of magnitude
higher than the molecular one.
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Fig. 2: Temperature histories at 4 different axial loca-
tions along the central line for the box test-
case with the standard (A) and modified (B)
code.

The consequence of this is that during the whole tran-
sient, the time-step decreases gradually while the run
terminates at around 112 s having reached the mini-
mum time-step. The reason for this time-step de-
crease is that, as we mentioned before, when the
k-e model is used the time-step is also limited ac-
cording to Eq. (2.11). The consequence of the un-
physical increase of u.f can be seen in Fig. 2A, where
the temperature histories at 4 different locations are
shown. After approximately 80 s, the four temperature
histories coincide and at around 100 s (when u.f exhib-
its the additional sudden increase), there is a sudden
drop to the temperature at the lower boundary. Finally,
in Fig. 3A, we show the velocity vectors in the box at
time t = 102 s: Clearly, the velocities are also reflecting
the unphysical increase in the turbulence level.

(b) PANDA drywell test-case

In this transient (which was in fact the transient which
originally revealed the problems discussed in this
work), steam is injected from the side at a speed of
1 m/s into the drywell of the PANDA facility which is

Vmax=T).247OO9 (m/s)
Scaling Power = 1
Time = 102.232
/ Volume : Channels : Levels /
/1 : 1-5 :1-8/

Vmax ="0.507907 (m/s)
Scaling Power = 1
Time = 500.03
/ Volume : Channels : Levels /
/ 1 :1-5:1-8/

Fig. 3: Velocity vectors at t = 102 s (standard code,
A) and at t = 500 s (modified cod, B for the
box test-case.

initially filled with air at a pressure of 1.32 bar. An out-
let (feedline to the PCC condenser) is modelled at the
top of the vessel. Again, since at this stage the aim is
only to assess the capabilities of the code in as far
mixing and stratification is concerned, condensation is
not represented. The code predictions for this transient
obtained using the standard version of GOTHIC were
unphysical for the same reasons as above. Three
different models of the PANDA drywell were used, a
very detailed and a coarser 2D representation, and a
coarse 3D model. Here, we shall only discuss the re-
sults obtained using the 2D fine mesh nodalisation. In
Fig. 4, we show the drywell noding.

Due to the unphysical increase of the turbulence ki-
netic energy, we did not continue running the 2D fine
nodalisation case for more than 50 s transient time
since the time-step was already 0.2 ms. We show the
maximum turbulent viscosity and turbulent viscosity at
the outlet of the PANDA drywell until t = 50 s in
Fig. 5A.

Clearly, u.f is still bounded during the time period of the
calculation, yet its value has already reached unphysi-
cally high levels. As can be seen in Fig. 6A where the
temperature histories at 5 different elevations are
shown, complete mixing occurs at around 50 s. This
can also be seen in Fig. 7A, where we show the pre-
dicted velocity vectors in the PANDA drywell at t =
50 s. The velocity vectors indicate that dissipation
prevails almost everywhere in the system due to the
high value of u.'. Problems similar to those have been
encountered in other studies. Faced with these prob-
lems, we investigated the reasons for this unphysical
behaviour. Originally, due to the large values attained
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Fig. 4: 2D nodalisation for the PANDA drywell.

by k and (xf in the cells near the "ceiling" where large
density and velocity gradients were observed, two
features of the k-e model in GOTHIC were sus-
pected as being the cause: (1) the production due to
buoyancy and (2) the wall boundary conditions used in
the solution of the two k-e model equations. We
showed that (1) was not the cause of the problem by
running a simple test in which two parallel stream of
different density were flowing in a plane horizontal
channel. We therefore focused our attention on (2).

4 CODE MODIFICATIONS AND PREDICTIONS

As we already mentioned before, in contrast to CFD
codes which examine the fine detail of the flow, in
GOTHIC (version 6.0), the two k-e model differential
equations are solved in a less detailed and heuristic
manner which does not take into account the boundary
conditions at physical boundaries like walls. After
looking at the subroutine turb.c in which the k-e
equations are solved, it was noticed that the necessary
boundary conditions were actually enforced in a rather
unusual and indirect fashion, quite differently to the
way they are treated in other CFD codes, as described
in the previous section. In fact, in other CFD codes,
the values of k and e at the centre of a near-wall cell
are related to the mean velocity which is given by the
universal logarithmic profile and the length scale which
is the actual distance of the centre of the cell from the

Maximum turbulent viscosity and at the exit
cv11cv12

Maximum turbulent viscosity and at the exit
cv11 cv12

o

100 200 300

Time (sec)

400 500

Fig. 5: Maximum turbulent viscosity ( ) and tur-
bulent viscosity at the outlet (- - - ) of the
PANDA drywell with the standard (A) and
modified (B) code.

wall. The shear at the wall and the friction velocity are
consistently calculated from the resulting values of k.
The fact that the actual velocity must be equal to that
given from the imposed velocity profile requires suffi-
ciently fine meshes close to the wall, so that the near-
wall node is within the wall layers, instead, in GOTHIC
where for practical reasons, coarse noding has to be
used, the wall shear stress is calculated from an em-
pirical correlation which relates the friction coefficient
to the "free stream velocity". Since such a velocity is
taken to be equal to the average velocity in the near-
wall cell (whatever the size of this cell may be), the
information on the appropriate velocity, velocity gradi-
ents and length scales which relate k and e to the wall
shear stress is not available from the solution. The
boundary value of E is therefore (arbitrarily) fixed at a
distance of 50 non-dimensional wall units (see previ-
ous section), hence not directly related to the actual
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Fig. 6: Temperature histories at 5 different elevations
for the PANDA test-case with the standard (A)
and modified (B) code.

distance of the near-wall node from the wall. Although
this approach seems to be a compromise between the
required accuracy in the calculation of the turbulence
quantities at the wall and the large meshes usually
used for practical containment calculations, it fails
under certain circumstances, since only one mesh size
of the cell close to the wall can reproduce the required
consistency between k, e, velocity and shear stresses.
For any other mesh size, the calculation can result in
large deviations from the balance between turbulence
production and dissipation and, in such cases as those
reported here, in unbounded and unphysically large
values of the turbulent kinetic energy k and turbulent
viscosity ji?. Nevertheless, this code logic must be
retained independently of the modifications we made
by restricting the value that k can attain. Physically, the
reason for the problems reported in the previous sec-
tion are quite clear. At the wall, the turbulent kinetic
energy k should become zero while the dissipation E
should tend to infinity. Actually, what was happening
during the analysis of some transients reported in this
work was that the turbulent kinetic energy generated
at different locations in the flow was reaching the walls

^ : : • • " ' ' " •
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Fig. 7: Velocity vectors in the PANDA drywell at
time t- 50 s with the standard code (A) and
at time t = 300 s with the modified code (B).

where, due to the lack of proper boundary conditions,
it was not dissipated. Together with the fact that /cwas
not equal to zero at the walls, this led to a sudden and
unbounded increase of k. Clearly, as we discussed
before, the proper way to handle this problem would
be to introduce the correct physical boundary condi-
tions for the differential equations of the k-e model at
the walls. Nevertheless, in line with the coarse-mesh
philosophy of GOTHIC we adopted a simpler and indi-
rect approach. In particular, if any computational
volume has one of the faces closed by a physical
boundary, we restrict the turbulent kinetic energy
of the gas to not more than the average kinetic
energy of the flow, i.e,

where v-t is the average velocity and the subscript "g"

is now used to denote that we are referring to the gas.
The restriction is imposed at each iteration. Hence, if p
is the iteration index (1 < p < 20), we set

Vp: (4.13)

For most cases of interest, the turbulence kinetic en-
ergy k should only be a fraction of the total kinetic en-
ergy of the flow unless there is strong circulation.
Should this be the case near the wall (e.g., colliding
jets), the average kinetic energy at a certain location
could be small, while k could be rather large. The
above restriction on the magnitude of the turbulence
kinetic energy k, makes it impossible to take into ac-
count this situation which, however, is beyond the
capabilities of the k-e model. The way we imple-
mented this logic in GOTHIC is explained in [7]. At this
point, it is worth mentioning that there are three differ-
ent points at which one can place this restriction. Just
before the iterative solution of the k-e equations
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starts, within the iteration loop or after the iteration
loop. Trials with all three methods revealed that, for
the transients analysed, the predictions obtained by
these three methods were not very different, but the
best option is to impose it either within the iteration
loop or after. Here, we should also mention a further
problem that occurred during our analysis of transients
in which air bubbles are injected from the bottom of a
stagnant pool filled with water [8]. After a certain time,
GOTHIC terminated being unable to obtain a solution.
To overcome this problem, we also restricted the liquid
turbulent kinetic energy in all computational volumes
and did not allow it to exceed the average liquid kinetic
energy. This overcame the problem and the calcula-
tions were successfully completed, but only if the re-
striction of the liquid turbulence kinetic energy was
imposed within the iteration loop.

By implementing this modification, we re-analysed the
cases reported in the previous section which were
exhibiting unphysical behaviour. Furthermore, for the
PANDA drywell case, even before k started increasing
to the extent that it was it impossible to continue the
calculation, there were already a number of noticeable
unphysical effects observed, such as spurious recir-
culations. With the modified code, the transients were
successfully analysed and all the predictions were
physically realistic. We shall now proceed and discuss
the results obtained using the modified version of the
code.

(a) Box test-case

In contrast to the unphysical predictions obtained
when the standard version of the code was used for
this very simple but highly instructive transient, the
modified code yielded physically sound predictions
which were free of the problems encountered earlier.
In particular, in Fig. 1B we show the maximum turbu-
lent viscosity u,f as a function of time. As can be seen,
|i. f is now bounded and does not exhibit the unphysical
behaviour exhibited when the standard code was
used. In Fig. 2B, we show the temperatures at four
different elevations, which indicates the time at which
there is perfect mixing. For this case, it occurs at
250 s. Finally, in Fig. 3B, we show the velocity vectors,
for this case at t = 500 s. At ail times, the velocity vec-
tors are realistic and physically credible.

(b) PANDA drvwell test-case

In contrast to the results obtained with the standard
version of the code and the different problems en-
countered, the modified version resulted in predictions
which were physical and in agreement with those ob-
tained using CFX [9]. Furthermore, even with the very
detailed nodalisation, the code ran very fast, with a
time-step in the range of 30 ms. As already mentioned,
the reason for this is that k is now restricted by a con-
dition which constrains it within a physical range, and
hence does not lead to a degradation of the time-step.
This is a very clear indication that often, small
time-steps and hence, long running times are due

to reasons other than the actual solution scheme
used in the code.

For the case of the fine nodalisation, Fig. 5B shows
the maximum turbulent viscosity and turbulent viscos-
ity at the outlet until 300 s. Clearly, the unphysical
behaviour no longer occurs. Fig. 6B shows the tem-
perature histories at five different elevations. The tem-
peratures at locations above the injection point gradu-
ally converge while the zone below remains cold. In
Figs. 7B, we show the predicted velocity vectors in the
PANDA drywell at t = 300 s. The velocity distributions
are now realistic, in contrast to those obtained using
the standard version.

We also note that it was possible to increase the time-
step used by the code by changing in Eq. (2.11) the
factor 5 to 2; by doing this, we relaxed the limitation on
the time-step size when the k-e model is used,
hence achieving faster running times.

5 ABOUT THE NEW TREATMENT IN THE IN-
TERIM VERSION OF THE CODE

As mentioned in the introduction, the latest interim
version of the code uses a different approach to avoid
the problems mentioned above. In this version, the
treatment of the wall boundary conditions takes into
account the law of the wall in the correct fashion in
order to obtain consistency between the friction veloc-
ity (wall stress) and the velocity profile perpendicular to
the wall. However, since one has also to treat the
"corner meshes" and obtain an acceptable solution
(even if coarse meshes are used as is typically the
case in a containment calculation), the dissipation rate
at the wall is also "forced" to depend on the size of the
cell through the hydraulic diameter. For most cases,
this also leads to a bounded turbulent kinetic energy.
However, calculations using a coarse mesh nodalisa-
tion of PANDA with this new version exhibited an un-
desirable dependence of the results (and, more dra-
matically, the running time) on the hydraulic diameter.
In particular, the use of the normal definition of hy-
draulic diameter leads to values of the maximum tur-
bulent viscosity three orders of magnitude larger than
in a calculation using a hydraulic diameter only four
times smaller. Consequently, the velocity field is af-
fected strongly by the large momentum dissipation.
This shows that the attempt to relate the wall boundary
conditions to the mesh, although making the model
more robust, does not provide a general solution to the
problem. Therefore, it would be preferable to use a
relation based on the physical constraints which apply
in reality e.g., similar to the one suggested in the pres-
ent paper.

Although the "fix" reported here helped to by-pass the
unphysical increase of k, an even better approach
would be to impose the boundary conditions on the
k-e differential equations in a way similar to codes
like ASTEC or CFX. A fully consistent approach, how-
ever, cannot avoid the employment of fine meshes.
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This might not be practical in GOTHIC which is a
large-scale reactor containment analysis code which
seeks to capture the important features of the flow
behaviour and yield reasonably accurate results for
certain key variables, without attempting to track the
fine details.

6 CONCLUSIONS

Different transients involving injection of hot air or
steam into a vessel filled with cold air were analysed
using the version 6.0 of GOTHIC, to assess the code
and investigate its limitations for modelling mixing
phenomena. When the k-e turbulence model was
used for some of these problems, the turbulent kinetic
energy k reached unphysically high values. This was
due to the lack of proper boundary conditions at closed
boundaries when the two differential equations of the
k-e model are solved. The excessive increase of k
(and hence, of the turbulent viscosity p.*) resulted in
slow running, and, within a very short time, perfect
mixing in the vessel.

This problem was overcome by limiting the turbulent
kinetic energy k near a physical boundary, to the value
of the average kinetic energy of the flow at this vol-
ume. For most cases, this is a realistic restriction.
However, this is physically incorrect in some situations.
The modifications of the wall boundary conditions in
the recent interim version 6.0a achieve the same re-
sult, yet, under certain conditions unphysically large
values of the turbulent viscosity are calculated. We
recommend a more pragmatic approach aimed at
keeping the turbulence parameters within physical
bounds, such as the one suggested in this paper.
Cases where the behaviour very near the walls is of
interest are outside the scope of GOTHIC.
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ZIRCONIA BASED INERT MATRIX FUEL: FABRICATION CONCEPTS AND
FEASIBILITY STUDIES

F. Ingold, M. Burghartz, G. Ledergerber

The internal gelation process has traditionally been applied to fabricate standard fuel based on uranium,
typically U02 and MOX. To meet the recent aim to destroy plutonium in the most effective way, a uranium
free fuel was evaluated. The fuel development programme at PSI has been redirected toward a fuel based
on zirconium oxide or a mixture of zirconia and a conducting material to form ceramic/metal (CERMET) or
ceramic/ceramic (CERCER) combinations.

A feasibility study was carried out to demonstrate that microspheres based on zirconia and spinel can be
fabricated with the required properties. The gelation parameters were investigated to optimise composi-
tions of the starting solutions. Studies to fabricate a composite material (from zirconia and spinel) are on-
going. If the zirconia/spinel ratio is chosen appropriately, the low thermal conductivity of pure zirconia can
be compensated by the higher thermal conductivity of spinel.

Another solution to offset the low thermal conductivity of zirconia is the development of a CERMET, which
consists of fine particles bearing plutonium in a cubic zirconia lattice dispersed in a metallic matrix. The
fabrication of such a CERMET is also being studied.

1 INTRODUCTION

Inert matrix fuel has been proposed in order to utilise
plutonium in the most effective way and to reduce the
amount of fissile plutonium in the spent fuel [1] which
exceeds the current norm. By using existing fabrication
technology in combination with so-called "inert matrix
materials" like zirconia and spinel, disposal of spent
fuel would become easier, and public acceptance of
peaceful utilisation of plutonium for nuclear energy
might be increased. PSI has used the internal gelation
process [2] for many years to prepare small amounts
of a variety of nuclear fuels like UO2, MOX and ni-
trides. This technology can also be used for the fabri-
cation of uranium-free fuel. Concepts based on solid
and annular pellets [1] and ceramic/ceramic
(CERCER) and ceramic/metal (CERMET) material
combinations have been proposed. By selecting an
appropriate zirconia/spinel ratio, it is possible to over-
come the low thermal conductivity of zirconia. Also the
feasibility of a CERMET, which consists of fine parti-
cles bearing plutonium in a cubic zirconia dispersed in
a metallic matrix is being investigated as a second
option to offset the low thermal conductivity of zirconia.
In the following paper a status report of ongoing work
is given.

2 CONCEPTS FOR THE FABRICATION OF CE-
RAMICS, CERCER AND CERMETS

Stabilised zirconium oxide as a carrier for fissionable
material may include many additional components like
yttrium or calcium as stabilising elements, erbia as
burnable poison, with plutonium as fissile material. The
solid solution might be prepared by a co-milling or a
co-precipitation process. Different concepts for the
fabrication of inert matrix materials, and also some
effects of parameter changes, are outlined in the fol-
lowing text.

Spent Fuel

( Reprocessing )

Hull (used cladding)

+HNO3, HF

( Dissolution )

ZrO(NO3)2 Pu(NCte)4

+Y(NO3)3,

c
+HMTA, Urea

Internal Gelation

f Calcination J

Zirconia Particles with Plutonium
(Zr,Y,Er,Pu)O

ZrO2-Zr CERMET Pellets
ZrCb-Spinel CERCER

Fig. 1: Flow diagram for manufacturing of ZrO2-Zr
CERMETS and ZrO2-MgAI2O4 CERCERS
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2.1 Ceramics

Two possible fabrication procedures are recom-
mended by PSI for the fabrication of homogeneous
single phase material ceramics. Co-precipitated ce-
ramics for classical pellets can be fabricated either
from microspheres (internal gelation) or using a pow-
der co-precipitation route. The experimental set-up for
the gelation of microspheres has been already de-
scribed elsewhere [2]. The process used here is one of
several sol-gel type processes and is known as
"internal gelation". The principle is conversion of a
highly concentrated metal nitrate solution to a spheri-
cal particle of metal oxide with hexamethylenetetra-
mine as the key reactant. The equipment in the PSI
laboratories allows sphere fabrication with sizes vary-
ing from 800 jim down to 40 |j.m.

The standard procedure used at PSI for the fabrication
of ceramic pellets of zirconia is based on co-
precipitated powder which is afterwards milled,
pressed into pellets, calcined and sintered [4].

The precipitation is performed with ammonia added
drop by drop to the nitrate solutions until the precipita-
tion is complete. Afterwards the precipitate is filtered
on a glass filter and washed with Milli-Q-water until a
pH-value of 8 is reached. Second a washing step with
ethanol follows. The final result is a wet cake contain-
ing the hydroxides of the simulated fuel system. The
wet cake is dried in a furnace at 120 °C, and then the
material is crushed.

The process is continued by milling (1.5 h, zirconia jar,
Retsch), calcination (800 °C, 5 h, air), another milling
step (2.5 h) and final drying. The pelletising is carried
out by using an hydraulic press with a pressure be-
tween 150 and 300 MPa for 10 seconds. Usually the
powder is pressed to pellets with a diameter (d) of
about 10mm and a height (h) in the range of
1.0< h/d< 1.5. The sintering is done in air at a mini-
mum temperature of 1400 °C. Similar low tempera-
tures are applied for the microspheres prepared by
gelation, and high densities could be obtained.

2.2 CERCER materials

Embedding zirconia microspheres in a spinel matrix is
one CERCER concept which is being followed at pre-
sent time in several institutes [5]. The flowsheet in Fig.
1 outlines the different steps for sphere fabrication and
the compaction of a pellet based on spray coated mi-
crospheres, resulting in an optimal distribution of the
spheres in the matrix. In this scouting experiment, a
CERCER-material consisting of a zirconia/spinel com-
bination in a very intimate mixture was also fabricated
according to the internal gelation procedure. The fabri-
cation parameters for a compound with
60 % (Zr76Y 12Ce.12)O2-40% MgAI2O4 (spinel) are
given in Table 1, whereas cerium is used instead of
plutonium. The result is a fine dispersion of the fissile
material carrier in the conducting matrix.

IMF - Temperature profiles by PINTEMP

MOX-Reference
IMF-60% Spinel
IMF-60%Zr

-O-IMF-40%Zr
-4^- IMF- 40% Spinel

£ 900
I 800
g. 700 Linear power

of pin 400 W/cm

Cold gap 0.085 mm

Fuel Pellet

0.4
2 3 4

Radial position [mm]

Fig. 2: Inert matrix fuel temperature profiles calculated with PINTEMP [3]
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2.3 CERMETS

A further concept for producing a suitable inert matrix
material with good thermal conductivity consists of fine
particles bearing plutonium in a cubic zirconia matrix. It
could be fabricated by the conversion of a ZrO(NO3)2

(+ Y(NO3)3 and Er(NO3)3-solution) and a Pu(NO3)4-
solution (together with HMTA and urea as additives).
After the gelation, washing and an appropriate thermal
treatment plutonium bearing cubic zirconia particles
would be obtained; by using a spray coating technique
for adding ZrH2, followed by pressing, dehydriding and
sintering it is feasible to fabricate ZrO2-Zr CERMET
pellets (see Fig. 1).

3 RESULTS

Experimental investigations on this topics are in the
early stages. The emphasis is at the present time on
(a) the calculations performed to characterise the tem-
perature distribution in a ZrO2-MgAI2O4 CERCER and
ZrO2-Zr CERMET fuel compared to ZrO2 and MOX
fuels and (b) on the application of the internal gelation
process.

3.1 Calculations of the temperature distribution in
a fuel pin

As a result of the low thermal conductivity of zirconium
based inert matrix fuel, the centreline temperature of a
solid pellet calculated for a standard LWR geometry
and with linear power (of the fuel pin) of 400 W/cm is
about 320 °C higher than that of MOX, see Ref [1].
Figure 2 shows the temperature distribution for two
different ratios of CERMET and CERCER fuel pellets,
again calculated with a linear power of 400 W/cm. The
calculations were performed with the programme
PINTEMP and SPACON [3]. Calculations for MOX are
added for comparison. The lowest temperatures
(<1000 °C) are obtained for the pellet IMF-60 % zirco-
nium metal (IMF means Inert Matrix Fuel), while for
the IMF - 40 % zirconium metal the temperatures are
also even lower than for MOX and CERCER materials.
In general, the higher the metal composition is, the
lower the centreline temperature of fuel.

3.2 Gelation studies

To prepare the starting solutions for fabricating zirco-
nia spheres (stabilised with Y2O3 for the cubic modifi-
cation and CeO2 as simulant material for Pu), oxide
powders of ZrO2l Y2O3 and CeO2 were dissolved in
nitric acid.

Typical compositions of the solution used for the
preparation of ceramic microspheres are shown in
Table 1 for the oxide compound (Zr80Yi0Ce i0)O2. The
effects of the variation of the key parameters during
the gelation procedure were evaluated in small scale
experiments and are described as follows:

Metal concentration

A high metal concentration exhibits a high gelation
tendency, which leads to more uniform spherical
structures with a high density and crystallinity after the
temperature treatment. However, the low solubility of
the different metal nitrates limits the maximum con-
centration of the feed solution.

Hexamethylenetetramine content

HMTA decomposes into an amino and hydroxyl group
at elevated temperature; an excess HMTA content
therefore ensures the complete precipitation of metal
hydroxide, but there is the drawback that increases the
possibility of previous gelation of the feed solution at
low temperature. A high HMTA content leads to an
amorphous material after calcination. Residual HCOH
left inside the spheres is undesirable as it increases
the porosity of spheres during the heat treatment.

Acid content

The acid content strongly inhibits the gelation process
by shifting the pH of the solution far from the so-called
PZC (Point of Zero Charge). Consequently, a polymer
network within the gel spheres will be lost to some
extent. The structure will contain more NH4

+ and or-
ganic groups, which result in a high porosity after heat
treatment. Also inorganic Cl~ or NO3~-ions are not easy
to wash off, except by using water (which is not rec-
ommended here). Against that, the acid has a catalytic
effect on the decomposition of HMTA.

Table 1: Fabrication parameters for microspheres (internal gelation procedure)

Composition of oxides

(Zr.80Y10Ce10)O2.

60%(Zr.76Y12Ce12)O2-
40%MgAI2O4 (spinel)

Concentration
of metal

[mol/kg solution]

0.621

0.800

HMTA*/
metal

1.00

1.12

HNCy
(urea+metal)

0.158

0.242

Remarks

about 200g materials were fabricated
(size fractions: 800 u.m and 250 jxm)

only the coarse fraction
(diameter 800 |j,m) was fabricated

*hexamethylenetetramine
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Urea content

A low urea content helps to stabilise the feed solution
at low temperature. However, it contains also unwel-
come organic components. Urea will lightly hydrolyse
into a NH4

+ and OH' group, tending to induce prema-
ture gelation slowly. A very high urea content seems to
produce more rigid spheres (urea works as a binder in
the gel network ), provided it is accompanied by more
acid in the feed solution in order to prevent early gela-
tion.

Gelation temperature

The influence of the gelation temperature is usually
considered prior to other parameters, from the point of
view of conservative sol-gel science. Here it is ex-
pected that the gelation temperature would affect both
the gelation kinetics and the decomposition rate of
HMTA or urea, and it will have in addition a catalytic
effect of acid on HMTA. The choice of gelation tem-
perature will also be limited later by the plutonium
content of the inert matrix. Up to now the gelation
temperature on the lab scale is between 100°C and
105°C.

Heat treatment

The cracking of spheres is usually caused by high
surface tensions and a large capillary pressure of liq-
uid inside the structure. The choice of the sintering
parameters is therefore important, in particular when
regarding the high densification and phase transfor-
mations.

Drying of the spheres is usually done in air at 80-
100 °C. A constant atmosphere will avoid the huge
difference between capillary force and pressure out-
side the pores.

During the calcination, a temperature chosen accord-
ing to the TGA-results (Thermo Gravimetric Analysis)
for the transformation of the amorphous zirconia to the
cubic structure is applied; a slow heating rate and long
holding time in air will help the transformation to oxide.
During sintering there is a competition between densi-
fication and crystallisation. The process should be
controlled, so that the former takes place earlier than
the latter. Due to the fact that the crystallisation is a
relatively time consuming process, a previous fast
sintering at a temperature lower than the sintering
temperature, followed by a slow crystallisation proce-
dure at the sintering temperature is recommended.

As a main result, the gelation technology has been
demonstrated successfully for both zirconia and zirco-
nia/spinel. Fig. 3 and 5, respectively, show the gelled
products after drying. The zirconia spheres appear
very homogeneous, whereas, the zirconia/spinel
spheres still have to be optimized concerning their
shape and size (work on this is still ongoing). The zir-
conia spheres were calcined (500 °C, 4h, air) and
afterwards sintered (1350 °C, 4h, air). Fig. 4 shows a
scanning electron microscopy photo of small zirconia

V

1 r • • ,

1 a

Fig. 3: G-80Zr-10Y-10Ce - microspheres of zir-conia
(after drying), photo taken from light micro-
scope; spheres about 800 |im

*

1*1•f

V -i V V -

Fig. 4: G-80Zr-10Y-10Ce - microspheres of zir-conia
(after sintering), SEM photography, diameter
of spheres about 250 u,m

Fig. 5: G - 48Zr-6Y- 6Ce - 40MgAi2O4 microspheres
of zirconia/spinel (after drying), photo taken
from light microscope, diameter of spheres
about 800 nm
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spheres (diameter about 250 u.m) after sintering. The
X-ray diffraction results confirm that we obtained a
cubic single-phase material with a lattice parameter
a=0.5168 nm. The density of the sintered zirconia
product was measured with a helium pycnometer and
found to be 5.898 g/cm3 (> 95% of the theoretical
density value).

4 DISCUSSION AND OUTLOOK

The motivation for the investigation of inert matrix
materials is mainly the reduction of fissile plutonium in
the spent fuel. To show that the fabrication of ceramics
for this purpose is feasible, spheres of zirconia (doped
with ceria and yttria) and spinel were gelled, dried,
calcined and sintered. The products were examined by
X-ray analysis, chemical analysis, ceramography and
technological characterization. The influence of the
gelation parameters (gelation time, temperature condi-
tions, pH-value of the solution) and the influence of
nitric acid, HMTA (hexamethylenetetramine) and urea
contents on the gelation process were investigated in
detail.

A concept combining microsphere fabrication followed
by spray coating and sintering has been proposed for
the CERMETS (ZrO2 in Zr-matrix) and for the
CERCERS (ZrO2 in spinel matrix). Temperature profile
calculations demonstrate that the thermal conductivity
is significantly increased above that of "pure" zirconia
by combining it with metals or other ceramics.
Future work at PSI will consist of the preparation of
plutonium containing inert matrix fuels and of further
characterization of the IMF-fuel (ceramics, CERCER
and CERMET), with emphasis on the irradiation be-
haviour.
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ADVANCED SURFACE ANALYSIS ON STAINLESS STEEL

A. Hiltpold, I. Mailand, G. Repphun

The aim of this investigation is to minimise the build-up of radionuclides (especially of Co-60) in the oxide
layers of austenitic steels by variation of pH and dosing of metal ions. Stainless steel samples were ex-
posed to water in 11 autoclaves in flow through mode (11/h) for 5 days at 288 °C with metal ions and radio-
active tracers having been added to the water. In addition to the activity measurements the semiconducting
properties of the oxides and oxide layer thickness were determined by photo-electrochemistry and secon-
dary ion mass spectroscopy. Correlation of activity uptake with layer thickness, type of semiconductor and
band gap energy is shown. The presence of different metal ions in the oxidation process implies changes
of the semiconducting properties of the oxide and different susceptibility of activity uptake into the oxide
layers.

1 INTRODUCTION

Controlling the build-up of radioactive nuclides, espe-
cially of cobalt, into oxide layers of stainless steel in
nuclear power plants is a key factor for the reduction of
dose levels. One approach to modify the water chem-
istry in the reactor by, for example, injection of zinc
ions (Zn2+) as is successfully done for boiling water
reactors (BWR). The mechanism of the reduction of
cobalt build-up in the presence of zinc ions has been
described in the literature [1-2]. The injection of other
bivalent ions (Mn2+, Mg2+, Ni2+) and the relation of
bivalent ions to the trivalent iron (Fe3+) are tested and
discussed as methods for dose level reduction. An-
other parameter of the water chemistry is the high
temperature acidity pHT, which influences the solubility
of metal oxides and thus the oxide layer growth and its
corrosion protecting capability.

The physical properties of the oxide layers on stainless
steel like layer thickness, structure, electronic and ionic
conductivity influence the corrosion process, especially
the corrosion rate and the build-up of radioactive cor-
rosion products. In this study the build-up of the radio-
active cobalt isotopes into the oxide layers grown un-
der conditions of different pHT and with addition of
bivalent metal ions are examined by analysing the
physical properties of the oxide layer. The correlation
between build-up of activated cobalt and structural or
semiconductive properties of oxide layers will be dem-
onstrated for austenitic stainless steel samples oxi-
dised at pHT = 5.1, with and without addition of differ-
ent metal ions.

2 EXPERIMENTAL SET-UP

Stainless steel samples were exposed during a period
of 5 days at 288 °C in 11 autoclaves operating in flow
through mode (11/h) with high purity water and addi-
tional 1 mmol/l boron acid. The pH value was adjusted
at room temperature by addition of sulphuric acid and
potassium hydroxide, such that the pH stabilises at its
high temperature value pHT which has been calculated
previously [3].

Metal ions were added in the following way: 1u.M Fe3+

as iron oxalate together with 1jxM Me2+ (Zn, Mg, Ni,
Co, Mn or Cu) as bivalent sulphate salts. Two refer-

ence control experiments were carried out, one with
and another without addition of 1(iM iron oxalate but
neither with bivalent metal ions.

In order to examine the build-up of activated metal
ions, radioactive tracers were added to the water. The
experimental conditions are specified in Table 1.

Table 1: Experimental conditions for the oxidation
of the samples under simulated BWR condi-
tions.

Temperature
Pressure
Oxygen
concentration
Duration
Samples

Solution
(PH4-8)
Addition

Tracer

288 °C
90 bar
200 - 400 ppb

120h
Austenitic stainless steel (DIN 1.4571),
electro-polished (Veralit, Schlieren, CH)
Geometry: 1 x 20 x 20 mm3 with central
hole
1 mM Boric acid, pH adjustment with KOH
or H2SO4

no Fe: without iron oxalate
Fe3+: 1 |aM iron oxalate
Me2+: 1 [iM iron oxalate+

1 nM Me2+ - Sulfate salt
(Zn2+,Mg2+,Ni2+,Co2+,Mn2+, Cu2+)
causing saturated solutions

10 kBq/l Cr-51,
0.1 kBq/l Mn-54

1 kBq/l Fe-59
5 kBq/l Co-58
1 kBq/l Zn-65

After exposure, the samples were examined by
gamma spectrometry, secondary ion mass spectros-
copy (SIMS) and photo-electrochemistry.

3 RESULTS AND DISCUSSION

3.1 Activity uptake of the oxide layer

The results of gamma spectrometry will be restricted to
those of Co-58 for reasons of simplicity. In Fig. 1 the
Co-58 activity is plotted for different pHT values and
addition of different metal ions. The dependence on
the pHT is striking.
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Fig. 1: Co-58 activity uptake during exposure to water
at 288 °C and different pHT. no Fe: no addition
of metal ions; Fe: addition of Fe3+ ions; Zn,
Mg, Ni, Co, Mn, Cu: addition of Fe3+ ions and
bivalent metal ions Me2+.

• Without added metal ions and in the presence of
Fe3+ (reference sample), the activity uptake
reaches a maximum at pHT = 6.4. From this maxi-
mum the activity decreases symmetrically, accord-
ing to the solubility of magnetite, with its minimal
solubility at pHT = 6.8 [4].

Addition of bivalent metal ions (Me2+) together with
Fe3+ ions leads to results which are less well corre-
lated:

• By addition of nickel and cobalt ions the maximum
of activity uptake is shifted to pHT = 5.1. The activity
level of samples with cobalt addition is below those
of nickel addition, except at pHT = 7.2, due to the
competition for crystal lattice places between
added inactive cobalt and Co-58 tracer.

• Addition of magnesium causes an activity uptake
which is similar to that of the reference sample.

• Zinc addition causes similar levels of activity at all
pHT (except pHT = 4.3). The activity uptake is re-
duced, compared to the no Fe reference sample.

• Manganese addition causes the lowest and copper
addition the highest activity levels of all the cases.

The main result is that the addition of manganese ions
reduces the activity uptake over the whole pHT range
examined in this study.

3.2 Structure and chemical composition of the
oxide layer

The chemical composition and the thickness of the
oxide layer was examined by SIMS. This method uses
a flux of oxygen ions (the primary ions) for sputtering
the sample surface. The ratio between mass and
electric charge m/q of the sputtered ions (the secon-
dary ions) is determined in a mass spectrometer. The

result of the measurement is given by count rates of
selected types of the secondary ions.

Inside the oxide layer the count rate of the main ele-
ment of stainless steel, Fe-56, increases towards the
sample surface. For better comparison the count rates
of all other detected elements have been normalised
to the count rates of Fe-56. According to [5] the count
rate of 3Fe-168 to clusters has been used to calculate
the oxide layer thickness. This follows from the lower
probability for 3Fe-168 cluster in the oxide, compared
to the bulk material of the stainless steel alloy. So a
low count rate of the 3Fe-168 clusters normalised by
the count rate of Fe-56 is found for the oxide phase,
whereas high normalised count rates indicate the me-
tallic phase, as shown in Fig. 2.

10 20 30

sputter time (min)

40 50

Fig. 2: Normalised count rate of 3Fe-168 versus
sputter time. No Fe: without addition of metal
ions; Fe: with addition of Fe3+; Ni: with addition
of Fe3+ and Ni2+.

The normalised 3Fe-168 count rate increases strongly
at the transition point from oxide to the bulk material.
By diffuse reflection spectroscopy (DRS) the oxide
layer thickness d can be estimated from the sputter

time t by d~ 10 nm/min * f [6].

As well as the thickness of the oxide layer it was pos-
sible to determine its chemical composition. Fig. 3
shows the count rates of Mn-55, Ni-58 and Cr-52 nor-
malised to Fe-56 for a sample oxidised under addition
of Mn2+ ions during exposure. It can be seen that

• The interior of the oxide layer is characterised by
an enrichment of chromium in comparison to the
chromium fraction of the bulk material.

• The nickel concentration decreases in the oxide
layer towards the sample surface.

• The manganese in the oxide layer is mainly de-
tected in the inner chromium enriched region. Most
of these manganese ions originate from water
phase available during exposition in the autoclave
and not from the bulk material of the stainless steel.
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Fig. 3: Count ratio of Mn-55, Ni-58, Cr-52 to Fe-56
versus sputter time of a sample with Fe3+ +
Mn2+ addition.

The oxide layer is clearly structured in two zones, an
inner zone consisting of mixed iron and chromium
oxides, which transform towards the sample surface
into oxides with higher iron concentration, merging to
an outer zone dominated by iron oxides. Manganese
will be built into the inner mixed chromium oxides.
Addition of other bivalent metal ions, i.e. zinc, magne-
sium and copper, behave in much the same way as
manganese. We conclude by collecting these ele-
ments in a group with favoured reaction sites in the
inner chromium enriched part of the oxide layer.

By thermodynamic calculations it has been pointed
that under BWR-conditions the oxides are mainly
formed as spinels [7]. They can be described with the
formula A[B2]O4 (normal spinel) and B[AB]O4 (inverse
spinel), respectively [8-10]. Oxide layers which arise
from oxidation of stainless steel can consist of various
mixed crystals, depending on the preferred position
energy of the ions built-in. The general formula A,-,.
JL)BX[AX.B(2^)]O4 (1 > X > 0) describes the crystal stoi-
chiometry [11,12]. Samples which have been oxidised
with addition of manganese ions, contain an inner
oxide layer consisting of iron chromite (FeCr2O4),
manganese ferrite (MnFe2O4), manganese chromite
(MnCr2O4) and also solid solutions of these pure com-
pounds. Towards the sample surface the chromium
and nickel amount decrease and magnetite (FeFe2O4)
dominates. Nevertheless, an excess of bivalent and/or
trivalent mixed oxides and hydroxides can exist.

Analogous to Fig. 3, the ratio of the count rates of Co-
59, Ni-58 and Cr-52 normalised to Fe-56 is shown in
Fig. 4 versus the sputter time, for a sample which has
been oxidised with addition of Co2+ ions.

• As in the case of manganese addition a chromium
enriched inner zone can be found in the oxide
layer. In the outer region of the oxide layer a higher
nickel concentration is detected.

• In contrast to manganese the added cobalt is built
into this outer layer.

We conclude that there exists another group of metal
ions with favoured reaction sites in the outer iron and
nickel enriched part of the oxide layer. In this part of
the oxide layer we expect a mixture of nickel ferrite
NiFe2O4 and cobalt ferrite (CoFe2O4), which can con-
tain an excess of NiO and CoO. In the inner oxide
layer the spinels probably transform into chromite (e.g.
FeCr2O4). The addition of nickel gives a similar oxide
layer with a chromium enrichment in the inner part and
nickel enrichment in the outer part.

• Ni-58 count rate / Fe-56 count rate

0.5 n

0.0

Co-59 count rate / Fe-56 count rate
Cr-52 count rate / Fe-56 count rate

-110

15 20 25

sputter time (min)

Fig. 4: Count ratio of Co-59, Ni-58, Cr-52 to Fe-56
versus sputter time of a sample with Fe3+ +
Co2+ addition.

As a general result we observe a strong influence of
the water additives on the composition and structure of
the oxide layer on stainless steel surfaces.

3.3 Semiconducting properties of the oxide layer

Different composition of spinel type oxides imply
changes in their semiconducting properties. Since the
mixed oxides grown under the hot water conditions
mentioned above show non-stochiometric structures,
defect sites in the crystal lattice are particularly impor-
tant. Additional presence of metal ions in the oxide
lattice (interstitials) or absence of oxygen (vacancies)
act as electron donors and therefore cause increased
n-type conductivity. Electron acceptor states (metal ion
absence or additional oxygen ions in the lattice) in-
crease the p-type conductivity [11].

Both, the n- and p-type semiconductivity contribute to
the resulting conductivity of the oxide layer. The con-
ductivity of the oxide layer is characterised by the
charge carrier concentration and the band gap energy
between valence band and conduction band. A de-
crease of conductivity is caused by decreasing of
charge carrier concentration and increasing of the
band gap energy. The typical range of band gap ener-
gies is 0 to 3.5 eV for semiconductive systems [13].

The samples were examined by photo-electrochemical
methods in the same way as for the examination of
passive layers on stainless steel [14]. These methods
give integral information about the semiconductive
properties of the oxide layer. A sample in an electro-



76

chemical cell under potentiostatic control will be ex-
posed to monochromatic light pulses. From the in-
duced photo-current the type of conductivity and the
band gap energy can be derived. Since the measure-
ment device has been optimised for thin layers, it was
possible to measure normalised photo-current spectra
in the range of wavelength from 230 nm to 800 nm,
without additional calibration measurements [15].

Due to the high efficiency of photo currents at a
wavelength of 350 nm, potential dependent photo
currents have been registered under this monochrome
irradiation, as shown for selected samples in Fig. 5.
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Fig. 5: Photo current versus potential at constant
wavelength (350nm) of samples oxidised with
Fe3+ and Fe3+ + bivalent metal ion addition
(Zn, Ni, Mn).

The photo-currents of the oxide layers are clearly de-
pendent and characteristic of the water additives dur-
ing formation of the oxides.

• High photo currents at a negative potential of
-300 mV can be measured for samples oxidised
under addition of iron ions and at a lower level for
addition of zinc ions, confirming a p-type conductiv-
ity.

• Small photo currents at -300 mV implying low p-
type conductivity have been found on samples with
manganese or nickel ion addition.

• High photo currents at a positive potential of
+300 mV indicate n-type semiconducting behav-
iour. The photo current of samples which are oxi-
dised with nickel addition are twice as high as those
with zinc addition.

• The samples which are oxidised with manganese
addition exhibit very small photo currents at positive
and negative potentials.

The presence of different metal ions in the water dur-
ing oxide formation under BWR-conditions change the
composition of the oxides, and to a considerable ex-
tent influence the p- and n-type conductivity of the
oxides. Herein the manganese samples show only
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Fig. 6: Quantum efficiency of the light versus photon
energy for samples oxidised with Fe3+ + Ni2+

and Fe3+ + Mn2+ addition.

small photo currents and thus a very low conductivity
in general.

The photo-electrochemical measurement allows to
determine the band gap energy of the oxide layer,
which is independent of the potential. From the photo
currents at different wavelengths the quantum effi-
ciency can be derived. Fig. 6 demonstrates the quan-
tum efficiency of the light versus the photon energy for
two samples.

The intersection of the tangential line at the increasing
part of the quantum efficiency curve with the x-axis
gives the band gap energy of the oxide layer. The
oxide layer of the sample with manganese addition
(2.1 eV) has an obviously higher band gap energy
than that of the sample with nickel addition.

3.4 Correlation of semiconductive properties with
the oxide layer thickness and activity uptake

We have shown that the modified water composition
causes significant changes of the oxide layer thick-
ness, composition of oxides and their semiconducting
properties. In Fig. 7 the oxide layer thickness and the
photo currents at -300 mV and +300 mV, normalised
to the oxide layer thickness, are plotted versus the
choice of added metal ions during the oxidation. For a
better comparison of the oxide layers formed under
different water compositions, the data in Fig. 7 have
been connected to visualise the changes of the pa-
rameters of those oxides.

• The thickest oxide layer was found on samples
oxidised with and without addition of iron ions. The
normalised photo currents at -300 mV (p-type con-
ductivity) are high in comparison with the others.

• The oxide layer thickness correlates well with the
p-type semiconductivity. Deviations can be found
for the nickel and cobalt samples which are
probably due to the high n-type semiconductivity
indicated by the photo currents at +300 mV.
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Fig. 7: Oxide layer thickness, determined by SIMS
and normalised photo current at a potential of
+300 mV and -300 mV. no Fe: no addition of
metal ions, Fe: addition of Fe3+ ions, Zn, Mg,
Ni, Co, Mn, Cu: addition of Fe3+ ions and bi-
valent metal ions Me2+.

• Samples oxidised with addition of manganese ions
exhibit the lowest p-type and n-type semiconduc-
tivity combined with the thinnest oxide layer.

The growth of p-type oxides is determined by cation
transport [16]. This relation is confirmed by the positive
correlation of p-type semiconductivity and oxide layer
thickness. Under addition of other bivalent metal ions,
the semiconducting properties of the oxides will
change. Bivalent ions can enter the lattice at the iron
defect sites and form iron spinels with lower defect
density. Especially the addition of manganese ions
reduces the oxide layer thickness and the p- and n-
type conductivity. This indicates a reduction of the
number of defect ions in the oxide lattice.

Activity uptake, oxide layer thickness and band gap
energy are displayed in Fig. 8 showing dependence on
the added ions. Again the discrete points have been
connected for better readability. The right y-axis is
reversed in scale to demonstrate the correlation visu-
ally:

• The behaviour of oxide layer thickness and activity
uptake show similar trends. Under addition of co-
balt the activity uptake will be underestimated, due
to the competition between activated and non-
activated cobalt isotopes.

• The band gap energies are negatively correlated
with the activity uptake.

• The oxide layer thickness seems to be inversely
proportional to the band gap energy.

• For manganese a striking correlation of oxide layer
thickness, band gap energy and activity uptake is
demonstrated.

Fig. 8: Activity uptake, oxide layer thickness and
band gap energy, no Fe: no addition of metal
ions, Fe: addition of Fe3+ ions, Zn, Mg, Ni, Co,
Mn, Cu: addition of Fe3+ ions and bivalent
metal ions Me2+.

The correlation of oxide layer thickness with activity
uptake confirms the assumption that the cobalt uptake
is proportional to the amount of oxide. In order to study
the influence of the bivalent metal ions on the cobalt
uptake, the specific activity uptake will be introduced.
The activity uptake is normalised to the oxide layer
thickness and displayed in Fig. 9, together with the
integral activity uptake and the oxide layer thickness.

• Strikingly low specific activity uptake can be found
on the manganese added samples.

• High specific activity uptake is characteristic for
samples with nickel and cobalt addition.

Manganese ions in the chromium-enriched part of the
oxide layer reduce the activity uptake during oxide
growth. The low p- and n-type semiconductivity and
the high band gap energy explain this behaviour.

In the case of nickel or cobalt addition the high specific
activity uptake is correlated by n-type semiconductivity
exclusively. These samples exhibit nickel enrichment
in the outer region of the oxide layer (Fig. 4). Simulta-
neously added cobalt can be detected in this nickel
enriched outer part of the oxide layer.

4 CONCLUSION AND OUTLOOK

Oxide layers grown on austenitic stainless steel under
modified BWR conditions, with addition of different
bivalent metal ions, have been characterised using
methods like SIMS and photo-electrochemistry. The
activity uptake depends strongly on the oxide layer
thickness. In most cases, with or without addition of
bivalent metal ions, the oxide layer exhibits a dominant
p-type semiconductivity, pointing to a corrosion proc-
ess dominated by cation transport through the oxide
layer. The specific activity uptakes for different metal
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ion additions are almost at the same level, with the
exceptions of manganese, nickel and cobalt. Addition
of manganese leads to a very low specific activity up-
take together with low n-type and p-type semiconduc-
tivity and a high band gap energy probably due to a
reduced density of defect ions. Addition of nickel or
cobalt initiates a marked n-type semiconductivity,
causing a higher specific activity uptake of these sam-
ples. This may be due to the preferential build-up of
cobalt in the nickel enriched outer part of the oxide
layer.

Other experimental methods such, for example, elec-
trochemical impedance spectroscopy and Mott-
Schottky-analysis can be used to confirm and verify
the presented results. Supplementary thermodynamic
calculations would need to be carried out in support.
Long time experiments can help to confirm the stated
relations between activity uptake and oxide layer char-
acteristic.

These findings are an important step towards a physi-
cal model of the cobalt uptake into oxide layers during
oxidation. On the basis of this physical knowledge,
new methods may be developed to reduce the dose
level in nuclear power plants.
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PSI CONTRIBUTION TO THE IAEA STUDY ON THE RADIOLOGICAL SITUATION AT
THE ATOLLS OF MURUROA AND FANGATAUFA

W. Pfingsten, J. Hadermann

Upon the definitive end of the French atomic bomb tests in the South Pacific, the International Atomic
Energy Agency (IAEA) was asked to evaluate the radiological situation at the atolls of Mururoa and
Fangataufa. The IAEA put up various working groups and invited PSI to participate in the group of
geosphere radionuclide transport. Together with the other members of the Working Group, PSI developed
models, performed calculations and assessed the radionuclide releases from the various sources and the
transport of radionuclides through the geological layers. There were 137 underground sources at Mururoa
and 10 at Fangataufa. Release via the groundwater has been assessed for radionuclides which were
judged of potential importance, 35 in number. Certain nuclides, notably 3H, 90Sr, "7Cs and239Pu were inves-
tigated in more detail. Data and, partially, model uncertainty was handled by varying the parameters and by
comparing differing model concepts. In cases of lack of data', assumptions were made such that nuclide
fluxes are deemed to be overestimated. Calculated results could partially be checked against experimental
information. Radionuclide concentrations observed at various test sites are consistent with results from the
solution source term model. Calculated releases to the lagoon are generally consistent with measurements.
The analysis of all test categories has shown that the radionuclide release to either the lagoon or the ocean
is dominated by a few tests.

1 INTRODUCTION

After the definitive end of the French atomic bomb
tests on the atolls Mururoa and Fangataufa, the Inter-
national Atomic Energy Agency (IAEA) and the Inter-
national Geomechanical Commission (IGC) were
asked for an independent, wide-ranging and objective
study on the impacts of the tests on both atolls. In
addition to the assessment of the present radiological
situation, assessment of long term effects was also
requested. IGC was responsible for analysis of the
rock stability and hydrology under the impact of the
tests. The various IGC and IAEA working groups
made an assessment of radionuclide inventories at the
test sites, how radionuclides are released from the test
sites, how they are transported with the circulating
groundwater to the atoll surface, and- how they are

distributed into the marine biosystem. The goal of the
IAEA Study [1] is to allow for an estimate on the po-
tential radiation burden for the next 10000 years, and
to review critically the French investigations to these
topics. The Waste Management Laboratory at the Paul
Scherrer Institute, Switzerland was invited by IAEA to
investigate release and transport of radionuclides.

Transport via the groundwater is the only natural
mechanism by which radionuclides from the explosion
cavities can reach the biosphere ([1], Vol. 4). Determi-
nation of the natural rate of movement of groundwater
through the geosphere and how the flow is changed
by the explosions - in particular, the effects of the
thermal drive produced by the heat energy generated
by the explosion - is an essential first step towards
establishing the rate at which the radionuclides will

0m

500 m

1000 m

Fig. 1: Schematic view of the geological layers, important features, groundwater flow and the 7 different categories
of tests performed at the atolls of Mururoa and Fangataufa. Cat. ©: 121 'normal' tests; cat. ©: 4 'leaky' tests
(Enee, Lycos, Megaree and Nestor), where the volcanic cover on top of the chimneys did not perform as ex-
pected; cat. (D: 12 tests (CRTV), where the chimney reaches the top of the volcanics; cat. ©: 3 safety trials
in the carbonates; cat. ©: 4 safety trials without nuclear yield in the carbonates; cat. ©: 3 safety trials without
nuclear yield in the volcanics; cat. ®: 239Pu release from 2,1200m deep waste shafts.
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move towards the biosphere. Hydrology studies by
IGC summarised in [1], Vol. 4, yielded specific dis-
charges to be used in the evaluation of the solution
source term and radionuclide transport. Radionuclides
can undergo a variety of chemical and physical reac-
tions and processes as they come into contact with the
solid and liquid phases that make up the saturated
rock mass. Although these reactions and processes
are not all well understood, the net result is that some
radionuclides may effectively be released at lower
rates from the site of the source, and move through
the geosphere at a much lower rate than the ground-
water i.e. the radionuclides are retarded relative to the
groundwater. Chemical and physical interactions be-
tween the rock and the radionuclides can be strongly
dependent on both the magnitude and chemical nature
of the surfaces with which the radionuclides come into
contact. Sorption processes are described here by a
linear isotherm, i.e. a constant distribution coefficient.

Based on considerations of inventory, half-life, sorption
properties, and toxicity, 35 radionuclides were consid-
ered as contributors to the overall release (Tab. 2).
The estimation of the solution source term, the radio-
nuclide concentration in the water leaving the chimney
or the vicinity of a safety test (cat. 5 or 6) is described
in chapter 2. Particular attention is paid to plutonium,
95% of which is assumed to be initially immobilised in
the lava. (5% is assumed to be either "splashed" onto
the rubble as the collapsing rock falls into the pool of
molten lava, or in solution in the chimney water.) This
is especially important for the nuclide 239 Pu that has a
half-life of 24,000 years and so will persist for a long
period. Although initially mostly trapped in the solidified
lava, the plutonium will become available for solution
as the lava is leached over time.

Two factors influence the transport of radionuclides
through a geologic medium [2]: The mechanisms and
processes such as sorption and the geometry of the
pathways. The water conducting features might be
connected pore spaces or fractures. The first case
leads, in its simplest form, to single porosity models
when the pore distribution in the rock is more or less
uniform. Single porosity models are popular because
of their simplicity, and the ability to obtain analytical
solutions for simple boundary value problems. A single
porosity model was used by PSI for analysis of radio-
nuclide migration through the carbonates [3].

The single porosity model is not an adequate repre-
sentation of transport where flow occurs predominantly
along discrete fractures with preferred orientation, and
where much of the porosity (within the much more
conductive fracture network) is 'dead volume' contain-
ing stagnant water. The dual porosity model was intro-
duced to account for flow in such systems. In this
model, the fluid phase is divided into a mobile (through
the fractures) and an immobile component (the porous
matrix). Interchange between the mobile and immobile
phases and transport in the immobile phase occur only
by molecular diffusion. Sorbing nuclides interact with

the large specific surfaces of the rock matrix, but also
non-sorbing nuclides are retarded with respect to wa-
ter flow in the fractures by diffusion into the stagnant
waters of the rock matrix.

The dual porosity model has been chosen for model-
ling radionuclide transport through the volcanic rocks
in the study because of their intensively fractured na-
ture. It is possible that the fracturing could be suffi-
ciently pervasive that the rock mass tends to behave
effectively as a homogeneously permeable medium, to
which a single porosity may be applicable. However,
for similar circumstances, double porosity or fracture
flow models lead to higher water velocities and tend to
predict earlier release of radionuclides, with less retar-
dation than predicted by the single porosity models. It
was felt, therefore, that the dual porosity model, by
over-predicting releases, would be a conservative way
to estimate releases to the biosphere at Mururoa and
Fangataufa.

2 THE SOURCE TERM FOR GEOSPHERE
TRANSPORT CALCULATIONS

Depending on the type of test performed, various test
categories had been defined (Fig. 1) to take into ac-
count test specific properties relevant for the solution
source term and the transport calculations. For radio-
nuclides in the cavity water, two sources contribute to
this release rate:

• the radionuclides dispersed in the chimney and,
for a subset of elements, sorbed on the rubble.

• the radionuclides incorporated into the lava me-
niscus at the bottom of the chimney.

For tests without nuclear yield and the waste shafts
where waste was deposited, no cavity developed and
the solution source was based on a solubility limited
radionuclide concentration.

2.1 Release of radionuclides initially dispersed in
the chimney

After a nuclear test (cat. 1 to 4), radionuclides that are
not incorporated into the lava meniscus are initially
dispersed in the chimney. We assume a homogene-
ous distribution within the chimney brought about by
convection cells during the initial thermal phase. The
radionuclides are distributed between the liquid phase
and the rubble surfaces, according to a sorption distri-
bution ratio, KD.

Based on the results of hydraulic modelling ([1], Vol. 4,
Sect. 3) we assume that the chimney can be consid-
ered as a well mixed compartment due to differences
in hydraulic conductivity and temperature and hydrau-
lic heads, the flow field in the chimney area behaves
as a convection cell with a net outflow of nuclide con-
taminated water at its top and a net inflow in the lower
part of the chimney (see Fig. 2). The well-mixed as-
sumption is a key one in the sense that fresh water
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entering from the chimney bottom and sides contrib-
utes to instantaneous dilution in the chimney [3]1.

X=Z+vD/(hp{\-s)KD (5)

volcanxcs

h

r

-
1Ii

^^met flux into the volcanics

v^chironcy produced by
,r a nuclear explosion

- rubble

i.i_ HI convection cell

''•i. fractare zone

•;;.-.«f.., \

li ™ high pernseabiiity zone
• - . ' • • • ' I l l " 1 1 ' •
••. -^ "' „:• l/**'«. molten rock (lava)

groundwater flow

Fig. 2: Conceptual model for source term calculation
for nuclear tests. A chimney is created con-
taining rubble (crushed volcanic rock with
higher porosity and hydraulic conductivity) and
molten volcanic rock (lava) at its bottom. The
geometry of the chimney is a function of the
test yield Y (radius ftc=12V"3, height h=5R).
Water flow velocities are results from hydrau-
lic modelling.

The concentration in chimney water is given by

A
C =

VER'
(1)

where A is the nuclide's activity in the chimney, Vthe
chimney volume, e its porosity, and R the retardation
factor, given by

(2)

Here, p is the rock density and KD is the liquid-solid
equilibrium distribution ratio. From mass balance con-
siderations we deduce the following relationship for the
change in chimney concentration with time

dC

c, (3)

where h is the chimney height, X the decay constant,
and vD the specific discharge (or Darcy velocity) from
the chimney. The first term on the right describes ra-
dioactive decay within the chimney; the second term
the removal of activity in the chimney by advection.
The solution to Eq. 3 is readily found to be

C = Coe-Xt, (4)

where Co is the initial concentration in chimney water,
Eq. (1)att = O, and

1 A second model, describing plug flow through the chim-
ney, has also been investigated. The differences are
minor.

Table 1 : Comparison of decay constant X and modi-

fied constant X (Eq. 5) for the values

h = 400m, p = 2430 kg/m3 and 8 = 0.3 [5].

nuclide

3H

90Sr

129|

135Cs

137Cs

237Np

239pu

240pu

2 4 1Am

decay
constant
X[yf1]

5.622-10"2

2.39-10"2

4.332-10"8

3.013-10"7

2.31-10"2

3.300-10"7

2.875-10"5

1.060-10"4

1.604-10"3

sorption
coefficient
KD[m3/kg]

0

0.01

0.

0.3

0.3

0.2

0.5

0.5

0.5

decay constant modified by
sorption and Darcy flow

X [yri]

vD=10'1m/y

5.75 ' lO-2

2.39 • 10"2

8.33 • 10"4

7.91 • 10"7

2.31 ' 10-2

1.06 • 10"6

2.90 • 10'5

1 .06 -10 4

1.60-10"3

vD=1m/y

6 .50 ' 10"2

2.40 • 10"2

8.33 ' 10"3

5.20 • 10"6

2.31 * 10-2

7.67 • 10"6

3.17 • 10"5

1.09 • 10"4

1.61 ' 10'3

v D = 10 mfy

1.40-10"1

2.53 • 10'2

8.33 • 10"2

4.93 • 10"5

2.31 • 10-2

7.38 • 10"5

5.81 ' 10"5

1.35-10"4

1.63-10"3

Obviously, the second term on the right hand side of
Eq. 5 is a modification to the radioactive decay term X
and which depends on the rate of water flow through
the chimney. It is seen (Tab. 1) that X differs from X
only for very long-lived sorbing nuclides (for the pa-
rameters assumed). This means that most of the ac-
tivity of the sorbing radionuclides decays within the
chimney and is not transported to the surrounding
rock. This is especially the case for most of the short-
lived nuclei. For non-sorbing nuclides, the situation is
different; even short-lived tritium is transported out of
the chimney in appreciable amounts.

The model has two main weaknesses,
(i) It assumes sorption equilibrium between the liquid
phase and the bulk rock in the chimney. The size of
the blocks of rock in the rubble chimney varies consid-
erably, so that considerable time may be required
before overall equilibrium is reached. It is not possible,
given the lack of details of the chimney rubble sizes,
and associated sorption process to quantify the time
required to achieve equilibrium. In the assessment,
this uncertainty is compensated to some extent, by
neglecting irreversible sorption and choosing relatively
low /^-values.

(ii) The source term model and the double porosity
model used for the transport calculations assume a
constant rate of water flow into the overlying rocks. In
reality, temperature increases in the vicinity of each
explosion and that increases the upward component of
the natural groundwater velocity. The increase de-
clines exponentially as the heat is dissipated. In the
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volcanic rocks the pre-test velocity of 8 mm/yr, for
cat. 1 tests, is increased to between 0.1 m/yr to
1.3 m/yr during the first year, before reducing to about
half of this value after 10yr and to approximately
3 cm/yr after 500 years. The velocity in the carbonates
above the volcanics is not significantly affected by
these tests. For cat. 2 or 3 tests, the initial velocities
are increased by a factor of almost 50, and the veloci-
ties in the carbonates increase from 2 m/yr prior to the
tests, to the order of 60 m/yr after one year, declining
to 5 m/yr after 500 years ([1], Vol. 4, Sect. 3). For the
assessment a conservatively high specific discharge
has been selected.

Eq. 3 is valid for a single decaying nuclide, only. For
the actinides, which are members of decay chains, it
has to be modified to

dC'
dt

Vn

R' h-E-R'
(6)

where / now denotes the nuclide in a decay chain

This is a system of modified Bateman equations, for
which an analytical solution can be obtained [4].

2.2 Radionuclide release from the iava

The lava is assumed to consist of uniformly sized
spheres with a constant dissolution rate and a congru-
ent release of nuclides [4]. With these assumptions the
release rate is given by

Vava/t\_ i- Javait), (7)

where L is the leaching rate, pL is the lava density,
S(t) and V(t) are, respectively, the surface area and
volume of the lava spheres, and Alava(t) is the nu-
clide inventory in the lava. The activity balance can
then be written

dAlava

dt
3 A'ava(t)-AAlava

Z-t
for t<z. (8)

Here, z = pLr0 IL is the lava lifetime and r0 the initial

radius of the lava spheres. The analytical solution is

Alava(t)=-
3Alava(t = < t_

T
e~xt for t<r. 0)

The nuclides released from the lava are assumed to
be distributed instantaneously and homogeneously
between the liquid and solid phase in the chimney
according to the sorption ratio KD. This is a very con-
servative approach for those nuclides that are strongly
sorbing since their transport to the top of the chimney
would, in reality, require considerable time.

Taking the French estimates (pL = 2430kg / m3,

L = 3 • 10"6 kg I m2 I yr and r0 = 5 • 10"4 m) which are

considered to be reasonably conservative (i.e., will
over-estimate the rate of dissolution), one calculates a
lava lifetime of 405,000 years2. Thus, release from the
lava continues over very long times.

2.3 Combined release and boundary condition to
geosphere transport calculations

The total concentration of radionuclides in the chimney
water is determined by contributions from both the
dissolving lava (if there is any) and the rubble in the
water-filled chimney (Fig. 2). Thus, the mass balance
equation for the concentration of an individual nuclide
(Eq. 3) in the chimney includes an additional source
term Alava(t), Eq. 9, to take into account the lava con-
tribution. The mass balance equation for the total ac-
tivity in the chimney, sorbed on the rubble and in the
chimney water, A^, may then be written

dAch

dt
= -XAcn-Q-Con'm+A'ava{t). (10)

Again, Eq. 10 and its generalisation to decay chains
have analytic solutions. The derivation is straight-
forward but the expressions are too lengthy to be re-
produced here3.

Using the values of the parameters defined in Table 2,
the radionuclide concentration in the chimney is cal-
culated as a function of time for each nuclide; it de-
pends on the distribution ratio KD (Fig. 4), chimney
geometry parameters, Darcy velocity and the nuclide
inventory (Fig. 3) and its distribution between lava,
rubble and chimney water (Fig. 5). The concentrations
were used as input values for the transport calcula-
tions below. The nuclide release rate from the chimney
is calculated from Eq. 11, below, in accord with the
model assumptions and the mass balance as de-
scribed by Eq. 3. It indicates simply that the total re-
lease rate, j', is equal to the product of the volume of
groundwater leaving the chimney per unit time, and
the radionuclide concentration in that volume

Vn C . (11)

2 When comparing this lifetime to that of waste glass in a
deep geological repository, e.g., 150,000 years in Kristal-
lin-1 [6], p. 209, one should note that, except for an initial
period of some tens of years, the ambient temperatures in
an explosion cavity are considerably lower (around 20° C
compared to around 60° C in the repository), but the sur-
face to volume ratio of the lava spheres is higher. In addi-
tion, for the waste repository, the backfill bentonite con-
stitutes a silica sink, further increasing the leach rate.

3 The reader is kindly referred to reference [3].



83

Table 2: Radionuclides considered in the calculations with their nuclide dependent parameters.*3)

Nuclide
3H
14C

36fJl

55Fe

59Ni

60Co

63N|

79Se

9°Sr
93Zr

"Tc
106Ru

107pd

121Sn
125Sb
126Sn
129|

134Cs
135Cs

137Cs
147Pm
^Sm
152Eu

154Eu

155Eu

236y

237Np

238pu

239pu

240pu

241pu

241Am

242pu

229Th
233U

Half-life [yr]

12.33

5730

301'000

2.73

76'000

5.27

100.1

650'000

28.78

1.53-106

21V100
1.023

6.5 106

55

2.758
100'000

15.7-106

2.06

2.3-106

30.1
2.62

90
13.54

8.60

4.76

3.42-106

2.14-106

87.7

24*110
6'564

14.35
432.1

373'300
7J880
1.592-105

Inventory [TBq] for different tests yields [kt]'b'

5

1300

0.2

0.0016

76
0.006

200

0.75

1.5 10"5

11

410-4

0.0045

680

0.001
0.0029

10

4.2-10'4

1.5-10"5

0.077

5.2 • 10"4

35

110

1.4
2.8

0.55

7

7.2-10"4

5.6-10"4

1.6
7.9

2.1

85
2.7

6-10"5

chain
members

25

2668

114.1

156.1

7.9

60

5256

302

365.7

7.9

100

8200

0.25

0.045

1500
0.12

4100

15

3.9-10-4

520

0.011

0.083
2700

0.0035

0.0038

120

0.0043

1.7-10"4

0.1

0.0085

600

2400

15

56
11

36
0.0026

0.0042

1.6
7.9

2.1

85
2.7

6-10"5

chain
members

Enee

4770

265

318

7.9

Lycos

7134

0.25

0.039

1305
0.1

3567

13.05

3.4-10-4

452

0.0096

0.072

2349
0.003

0.0033

104.4

0.0037

1.7-10"4

0.1

0.0074

522

2088

13.05
48.7

9.6

31

0.0023

0.0037

1.6

7.9
2.1

85
2.7

6-10"5

chain
members

Megaree

4860

270

324

7.9

Nestor

4230

235

282

7.9

KD[m3/kg](c>

0

0

0

0.01/0.03

0.01/0.03

0.01/0.03
0.01/0.03

0/0.01

0.008/0.1

0.5

0/0.01

0.01/0.03
0.05

0.01/0.03

0/0.01

0.01/0.03

0

0.3

0.3

0.3
0.05

0.05

0.05

0.05

0.05

0.01

0.2/0.5

0.5

0.5

0.5
0.5
0.05

0.5

0.01
0.01

a) A blank space in the table indicates that for these tests and nuclides no calculations were performed.
b) kt is kiloton TNT equivalent.
c) The first value is the base case value; the second value is a variation.

T h e calculat ions for tests in the volcanics were done
for yield c lusters of 5 kt, 25 kt, 60 kt and 100 kt tests
conducted at nominal depths of vo lcanic cover be-
tween 25m and 250m. For some parameter variations,
generic calculations were also performed for yields of
10kt and 150kt, respectively [3].

2.4 Results and discussion

From the comprehensive results presented in refer-
ence [3], we briefly discuss a few specific nuclei and
mention only the salient features of the others.

For 3H, the specific discharge to the geosphere has
little influence because of the short half-life of this iso-
tope (Fig. 3). The same is true for the other isotopes of
short half-life (e.g. 90Sr). For 90Sr (Fig. 4) or 137Cs the
source term is fully dominated by the contribution from
rubble; contributions from lava can be neglected since
those nuclides will decay within the lava. For 239Pu, the
contribution from rubble inventory dominates for the
first 1000 years, whereas at later times the lava contri-
bution becomes more important and eventually domi-
nates (Fig. 5).
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Fig. 3: 3H source concentration as a function of yield.
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Fig. 4: Sr source concentration as a function KD and

test yield.

time [yr]
Fig. 5: 239Pu source concentration as a function of

radionuclide distribution between rubble (5%)
and lava (95%).

For the other isotopes, some general conclusions can
be drawn. For isotopes with short half-lives the contri-
bution of the lava to radionuclide concentrations in the
chimney water can be neglected. These short-lived
isotopes are ^Fe, 60Co, BNi, 90Sr, 106Ru, 125Sb, 134Cs,
137Cs, 147Pm, 151Sm, 152Eu, 154Eu, 155Eu, 238Pu, 241Pu and
241 Am (see App. B and H in [3]). For those with longer
half-lives, the lava contribution dominates at large

times (79Se, *Tc, 126Sn, 129I, 236U, 237Np, 239Pu and 240Pu,
see [3], App. B and H). Varying the sorption distribu-
tion ratio KD affects the chimney concentration directly,
for example for 90Sr (Fig. 4) The lower KD, the less
activity is sorbed and the higher the chimney concen-
tration.

In general, it is seen that the rubble inventory starts to
decrease significantly (provided that half-life is long
enough) at times comparable to the time that the nu-
clide resides in the chimney, which is given by

02)tw=e-hR/vL

while the lava contribution extends to the lifetime T of
the lava, as defined earlier. There are two main differ-
ences between the present approach and that which
had been used by the French scientists in describing
the source term:

(i) the contribution of Pu and Am from the rubble
dominates over that from the lava,

(ii) the sorption distribution ratio used by French
scientists is appreciably higher.

The model concept and implied results can be partially
tested by comparing with experimental data. Meas-
urements of the concentrations of 3H, 90Sr and 137Cs in
the chimney have been made by French scientists for
some of the tests4. These are compared to the present
calculations (Tab. 3).

Table 3: Comparison of French measurements in
chimney water with results of present cal-
culations. (Concentrations in Bq/m3.)

Nuclide

3H
9°Sr

137Cs

LYCOS

5.5-109

4-105

1.4-105

Measured at test sites [7

ARISTEE

1010

8-105

2-105

BOROS

4-108

107

2-106

AJAX

-

7-105

1.3-106

Calculated initial
concentration

1010

6-105/8-106

2.5-105

The LYCOS and ARISTEE tests are confined within
the volcanics; the calculated concentration agrees well
with measurements. BOROS and AJAX are CRTV
tests. The concentrations calculated for these two
tests underpredict the measured 137Cs concentration
for BOROS. The reasons for this difference are un-
clear: actual sorption coefficients might be lower than
assumed; sorption equilibrium in the chimney may not
have been reached; the chimney volume may have
been smaller than expected. However, since the com-
parison is made without any free fit parameters and
the calculation is for a generic test of 100kt with ge-
neric parameters, the agreement is considered to be
satisfactory. Some idea of the natural variation in
sorption can be seen from the comparison presented
in [1], Vol. 2, p. 88, exhibiting a factor of about 10 dif-

4 On-site measurements within the IAEA Study have cor-
roborated these results.
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ference for Cs sorption distribution ratio evaluated
from measurements at two different test sites.

2.4 Release of plutonium from the safety trials
without nuclear yield

It is appropriate to consider the release of Pu from the
safety trials without nuclear yield as a special case.
Due to the amount of Pu at the source and the rela-
tively low groundwater flow, the release is assumed to
be solubility limited and the nuclide flux, jPu, into the
geosphere is given by

jPu=QCL. (13)

where CL is the solubility limit; two values were used:

10'9 mol/l or 10'7 mol/l, respectively. The inventory of a
safety trial is fixed at 4 kg of 239Pu. The total water flow
Q at the source was calculated as follows: The Darcy
velocity was taken to be 2 m/yr (with alternative values
of 10 and 100 m/yr). The area A through which the
water (coming into contact with the Plutonium con-
taminated region) flows was estimated to be approxi-
mately 20 m2 (see Fig. 6).The total mass M and nu-
clide flow, Eq. 13, are related through conservation of
mass. If radioactive decay can be neglected, the sim-
ple relationship holds

\QCL dt=M (14)

which defines the leach time T. In the actual calcula-
tions, radioactive decay was considered; this is in fact
important when the low solubility limit is taken, i.e.
when the period of release is long compared to the
half-life of the plutonium. The time dependence of 239Pu
inventory at the test location is shown in Fig. 7 for
various Darcy velocities and two solubility limits. Note
that the amount released from the volume scales line-
arly with solubility limit, Darcy velocity and area A.

damaged area in tfie carbonates?{ieca) safety test shaft

Q

groundwater flow lines contaminated groundwater

Fig. 6: For safety tests without nuclear explosion no
lava is created, a zone of higher conductivity
than the original rock is assumed to be created
in the vicinity of a non-nuclear explosion. Pu,
the only nuclide taken into account for this test
category, is assumed to be solubility limited in
groundwater flowing through the disturbed
zone A with enhanced flow Q due to higher
hydraulic conductivity.

16 —

12 —

4 —
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area = 20 m2

vD= 100m/yr, sol. lim. = 10-7mol/l

vD=2m/yr, sol. lim. = 10"7mol/l

vD=0.137m/yr; sol. lim. = 10'7mol/l

vD=1m/yr; sol. lim. = 10'9 mol/l
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Fig. 7: 239Pu inventory at a safety test location for
varying Darcy flow and Pu solubility limit.

3 GEOSPHERE TRANSPORT

Having established the source term, i.e., the flow of
each of the radionuclides out of the chimney, the next
step is to determine transport through the geosphere,
i.e., radionuclide movement from the top of the chim-
ney vertical through the volcanics (where appropriate),
and through the carbonates to either the lagoon or the
ocean.

3.1 Transport from the explosion cavities through
the volcanics

3.1.1 Model concept

Modelling of mass transport requires detailed consid-
eration of the geometry of the water carrying features
and also of the transport processes themselves.

From the evolution of the atolls it is clear that both the
volcanics and the carbonates contain many fractures
on varying scales (see [1], Vol.4, Sect. 2) and that
transport takes place in a fractured medium. This is a
fortiori the case in the neighbourhood of the chimney.
Therefore, a model for transport in a double porosity
medium - fracture porosity and rock matrix porosity,
respectively - is appropriate. In a double porosity me-
dium, transport in the fractures is relatively fast, and
retardation of the transported radionuclides is pro-
duced principally by diffusion into and possibly sorption
in the rock matrix [2].

Fig. 8 shows the geometric model together with the
base case values. Note that a fracture width of 1mm
and a fracture frequency of 10 per metre is assumed,
yielding a fracture porosity of 0.01 and a velocity of
water in the fractures that is 100 times the Darcy ve-
locity.
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fracture frequency fracture porosity fracture flow velocity

matrix depth fracture width long, dispersion length
0.0495m 2i = lmm aL = 2.5m [...,25m]

Fig. 8: The dual porosity model used to model radio-
nuclide transport. Parameter values given are
those for the base case calculations.

The transport equations, including decay and build-up
of radionuclides are given by Eqs. 15 and 16 [8]

dC1 1_
dt ~R>

2Cd2C
a,v-

-X C'

dC' £p Dp dC'p |

~V~lz"V~b !x~\*=b

R1
- C M

for transport in the fractures, and

an' * a2 n'
dL>D 1 ~ " ^o „; „ ; ,\
dT p dx2

(15)

(16)

for transport in the rock matrix5. The index p denotes
matrix quantities; aL is the longitudinal dispersivity, b
the fracture half-width, Dp the diffusion constant, and
Rp is defined by Eq. 2. The water velocity is given by

v=vDlsf, (17)

where ef is the fracture porosity, and can be calcu-

lated by the expression

£f=n-2b. (18)

where n is the fracture frequency (rn1).

In Eq. 18, 2b represents the hydraulic aperture,
whereas in Eq. 15, 2b is the mass transport aperture.
The values for these two quantities might differ [9] but
we assumed the same value. For all calculations, we
have neglected sorption on the fracture surfaces, i.e.
R'= 1, since the fracture surface is much smaller than
the inner matrix surfaces.

The assumed boundary conditions are as follows:
upstream, the nuclide flux is given by the source term;

5 Concentrations in the transport equations are in particle
units (e.g. mol/m3) and not in activity units (Bq/m3).

downstream, we assume infinite dilution in the carbon-
ates, and, within the matrix, a no-flow boundary at the
plane of symmetry between the two fractures (Fig. 8).

As mentioned above, matrix diffusion (and sorption
within the matrix) presents a powerful retardation
mechanism. Provided that the residence time in the
geosphere is long compared to the release time, and
the rock matrix does not become saturated with the
radionuclide in question, the retardation by matrix dif-
fusion A can be expressed as

-fro-a/v)-1 (19)

where L is the migration distance and the time shift r0

[10] is given by the expression

(20)

The code used to solve Eqs. 15 and 16, RANCHMD,
has one disadvantage: the water velocities v have to
be assumed constant6. For some years following an
explosion (up to several hundred of years for the high
yield tests), the actual velocity varies, decreasing ex-
ponentially from an initially high value. For this reason,
we have taken high values and parametrically varied v
in a broad range.

3.1.2 Parameters used

Site-specific information on the important parameters
is scarce. This is especially so for the parameters
characterising the flow paths. In this context, it is im-
portant to note that the solution to Eqs. 15 and 16 is
determined by four independent parameters. Hence, it
is more or less a matter of choice as to which of the
physical parameters to fix, and which to vary. We have
chosen to fix UaL= 10, where L is the transport dis-
tance in the volcanics. Though dispersion is not fully
understood, this seems to be a reasonably good
choice, based on a wealth of field experiments (see
e.g. [11]). We also decided to fix the fracture frequency
n= 10 m'1. The actual value of the fracture frequency
is unknown. The report [12], (p. 103), mentions fre-
quencies between 100/m and 25/m but such a high
frequency seems unlikely to be widespread ([7],
Doc. 5). We assume that all water is flowing through
these fractures. The fracture aperture was fixed at
26 = 0.001 m. This results in relatively fast advective
transport of radionuclides. Diffusion in the matrix was
fixed at Dp= 10'11 mVs, a value based on a wealth of
laboratory measurements, though not site-specific.
Sorption distribution ratios identical to those of the
chimney rubble (see Table 2) were used. There is no
reason to assume different values since the rock ma-
trix is of the same material (except for the possible

6 The code was developed primarily for nuclear waste
repository analysis, where groundwater flow velocities
tend to be more constant in time.
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existence of alteration layers in the water conducting
fractures in the rock-mass which would tend to en-
hance sorption). The parameters to be varied were (i)
Darcy velocity (ii), the depth of penetration for diffusion
into the matrix, and (iii) some of the sorption distribu-
tion ratios. As was the case for the source term, for the
four nuclides 3H, 90Sr, 137Cs and 239Pu detailed calcula-
tions were made over a wide range of parameters.

3.2 Transport through the carbonates

3.2.1 Model concept

The development of a model to describe radionuclide
transport through the carbonates is seriously limited
due to a lack of information on the geometrical struc-
ture of the flow paths, and a lack of understanding of
the influence of tidal effects in the karst layers in the
carbonates. There are, however, several possible
approaches that could be taken to estimate the flux of
radionuclides into the lagoon or the ocean, for
example:

(i) one could assume that transfer from the top of the
volcanics - or a source in the carbonates - to the la-
goon (or ocean) occurs instantaneously, i.e. there is
no delay in the carbonates. This is not an appealing
option. It is obviously incorrect physically, and neces-
sarily results in an unphysical result. Short-lived nu-
clides from cat. 2, 3, and 4 tests would be released to
the lagoon or the ocean instantaneously and contrib-
ute to the overall dose. However, it is well known from
experience that even a minor geologic barrier will re-
sult in the complete decay of these nuclides during
transport through the geosphere. Direct transfer to the
lagoon also contradicts the experimental evidence
from measurements in the lagoon (see [1]).

(ii) one could assume a mixing tank model for radio-
nuclide behaviour in the carbonates. This is discussed
in detail in [1], Vol. 4, Sect. 3 and App. II.

We have instead opted to use a standard one-
dimensional advection-dispersion single porosity
model in the absence of site-specific information on
fractures, and in view of the considerable uncertainty
concerning the influence of the karsts.

It should be noted that the one dimensional advection-
dispersion model must strongly overestimate the radio-
nuclide concentrations in the carbonates since dilution
by transverse dispersion and mixing with uncontami-
nated waters are not taken into account. Each of these
two mechanisms will reduce the concentrations. As a
net result of this simplifications and of using conserva-
tive parameters, the fluxes into the lagoon (or ocean,
depending on scenario) are overestimated.

3.2.2 Parameters used

Since there is very little data for the carbonates and
their natural variability, we have assumed a porosity of
30 % and a 'generic' thickness of 300 m for the car-
bonates even though the actual cover thickness is
variable. We have further assumed that the sorption

distribution ratios for the carbonates have the same
values as for the volcanics, since there are apparently
no reliable sorption data for carbonates in saline wa-
ters. The assumed Darcy velocities have been varied
between 1 m/yr and 100 m/yr.

3.3 Transport of plutonium from the safety trials
without nuclear yield

In their analysis, French scientists have assumed ([7],
Doc. 10), the existence of a 4 m thick diffusion barrier
in their analysis of Pu transport from the source. This
assumption seems to suggest that trials have been
conducted in a large rock block with a hydraulic con-
ductivity many (6 to 8) orders of magnitude lower than
the average conductivity of carbonates. No details
have been provided and so we consider the single
porosity advection dispersion model to be the most
rational to use. We also expect Pu would sorb onto the
carbonates; again, a value of KD = 0.5m3/kg is as-
sumed. This leads to very slow migration of Pu. During
the slow movement of the plume, the concentration
remains essentially at the solubility limit.

A Pu concentration of 8 Bq/m3 was measured [7],
Doc. 8, at a distance of 10 m from a safety trial,
15 years after the trial. Using the single porosity
model, we have calculated (Fig. 9, for the high solubil-
ity limit) the nuclide breakthrough at various distances
from a source of Pu in the carbonates. After 15 years,
the breakthrough curve is still rising very steeply. This
part of the breakthrough curve is strongly dependant
on the actual choice of parameters. It turned out that a
low specific discharge is not compatible with the ob-
servations - but results with specific discharge
vD > 50m I yr are compatible and support the present

model concept.
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3.4 The base case: results and discussion

We will discuss here the results in terms of release to
the carbonates and release to the lagoons. The dis-
cussion is based on the base case parameters, i.e. low
sorption distribution ratios and the following Darcy
velocities:

For cat. 1, 1 m/yr in the volcanics and the carbonates;
for cat. 2 and 3, 20 m/yr for nuclides 3H, 90Sr, 137Cs and
237Pu. (This is to take account of the initial thermal
pulse, to allow for a comparison with measured data
during this time span and in order to overestimate the
consequences, especially for these nuclides.) We as-
sume 2 m/yr for the other nuclides. We assume for
cat. 4, 2 m/yr, for cat. 5, 100 m/yr and for cat. 6 and 7,
1 m/yr in volcanics and carbonates. These values are
consistent with the results of the hydrological model-
ling but err on the conservative side.

For cat. 2, 3, and 4 tests, the nuclides are released
directly from the chimney into the carbonates.

The aim of the base case is to overestimate nuclide
release rates. The parameter variations performed
show that Darcy velocity, flow path characterisation,
migration distance and sorption distribution ratio have
a major influence on the results ([3], App. D and E).

Using these parameters for transport calculations we
assess the release to the biosphere for two scenarios
mentioned above: (a) release to the lagoon - this is the
realistic scenario, since water flow is towards the cen-
tre of the atoll; and (b) release to the ocean. Here the
assumption is that the carbonates do not present a
barrier to nuclide migration. Nuclides are assumed to
be transferred instantaneously by tidal mixing, in the
karst, to the ocean when they reach the top of the
volcanics. For tests in the carbonates the depth is
unknown, and a distance of 10 m to the karst is as-
sumed. In this scenario, the cat. 2 and 3 tests domi-
nate the releases because of the near complete lack of
a geological barrier. This scenario should be consid-
ered as an unrealistic worst case, except perhaps for
those tests which have been performed under the rim.
We note that releases to the ocean in scenario (b) are
identical to the releases to the carbonates in scenario
(a).

The total releases of the four isotopes of special con-
cern, 3H, 90Sr, 137Cs and 239Pu, to the biosphere at both
atolls have been calculated by summing the releases
from all test categories and assuming that all tests had
been performed at the same time7. The reasons be-
hind this simplification were a lack of information on
specific details such as exact location with yield and

7 Most of the dominant tests (cat. 2 and 3) had been per-
formed at Mururoa in between 1975 and 1980, except for
Megaree (1985), at Mururoa, and Lycos (1989), at
Fangataufa. Therefore, zero point for the time axes in the
figures is 1975 for Mururoa and 1989 for Fangataufa,
respectively.

inventory as well as of site data. The same reason led
us to define clusters of tests of different yield (5 kt,
25 kt, 60 kt and 100 kt, Tab. 2) for all the cat. 1 tests.
For each of the four yield classes, several representa-
tive depths in the volcanics were chosen: (5kt tests at
25 m, 75 m, 100 m, 150 m and 250 m; 25 kt tests at
75 m, 150 m and 250 m, 60 kt at 75 m, 150 m and
250 m; 100 kt at 150 m and 250 m). In this way the
migration distance in the volcanics is underestimated
for each test. With this clustering of tests, the exact
dates of the original test are no longer relevant.

Considering that, in the base case, conservative pa-
rameters have been chosen, this procedure leads to
an overestimate of peak releases to ocean or lagoon.
For sorbing nuclides where the travel time from the
cavity to the ocean or lagoon is long compared to the
period in which the underground nuclear tests had
been performed, the influence of this approximation is
negligible. It is especially conservative for non-sorbing
species with relatively short migration times, for exam-
ple for 3H or 36CI, because the temporal distribution of
tests will smear out the releases to the ocean or to the
lagoon and will lower the peak releases. The total
release period will be slightly longer. Both effects were
demonstrated for tritium [3].

We will now present as examples results for 3H, 9°Sr,
137Cs and 239Pu (Figs. 10 to 13) and discuss some gen-
eral features.

Tritium releases for the first decades are dominated by
cat. 2 and cat. 3 tests at both atolls, Fangataufa and
Mururoa (Fig. 10). The peak release has already oc-
curred in the past, in agreement with the observed
lagoon concentrations (see [1], Vol. 2, Fig. 51). How-
ever, when comparing with measured data, we over-
estimate the fluxes to the lagoon (by about a factor of
10). Measurements of concentrations in the lagoon do
not show the strong decrease seen in the calculations:
This difference is only partially attributable to the
above-mentioned neglect of different test times.

The 90Sr isotope is relatively short-lived (about 30
years half-life) and sorbing. Retardation in almost any
geological barrier is sufficient to reduce the break-
through significantly. Consequently, the releases to the
carbonates (and thus to the ocean) are dominated by
cat. 2 and cat. 3 tests. For the lagoon scenario
(Fig. 11) we see that 90Sr still remains contained in the
carbonates with breakthrough to be expected only
several decades from today. This implies that the con-
centrations measured in the lagoons (see [1], Vol. 2,
Figs. 52 and 59) are a relic of the atmospheric tests.
Neglecting sorption on lagoon sediments or assuming
that sorption sites become saturated over time, we
would calculate a maximum concentration in the
Mururoa lagoon of 1 Bq/m3, in 100 years . The same
order of magnitude applies for Fangataufa. This value,
a gross overestimate, is similar to the present day
concentrations in the lagoons. The contribution of
'normal tests' can be neglected.
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Fig. 11: 90Sr breakthrough curves at Mururoa: For
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calculated for a "300m consistency carbon-
ate cover".

The 137Cs isotope is also relatively short-lived, but more
strongly sorbing than Sr. As a consequence, almost
any geological barrier deserving of the name will re-
duce the break-through of Cs to an insignificant level.
No break-through to the lagoon has been observed.
All 137Cs is retained in the carbonates and decays
there. Consequently, the measured concentrations
(see [1], Vol. 2, Figs. 53 and 60) are interpreted as
relics of the atmospheric tests.

The Z39Pu isotope has three properties which differen-
tiate it from the other three important nuclides. (i) It is
relatively long-lived, (ii) it sorbs appreciably and (iii) the
major part of the inventory is in the lava. As a conse-
quence the release to the geosphere extends over
very long times. The early release is dominated by the
cat. 3 tests and, to a lesser extent, by cat. 2 and cat. 4
tests (Fig. 13). For times greater than a few 100 years,
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Fig. 12: 137Cs breakthrough curves for different tests
at the top of the volcanics.

releases from these tests are overestimated because
of the assumption of a constant high water flux through
the chimney and in the carbonates.

In the ocean scenario, over time scales from 1000 to
10000 years, cat. 4 tests dominate (Fig. 13, upper
part). This is a consequence of a high Pu solubility and
a 10 m migration distance to karst in the carbonates.
The breakthrough to the lagoon is later than 1000
years. Therefore, the presently measured Pu concen-
trations in the lagoons are, again, relics of the atmos-
pheric tests (see [1], Vol. 2, Figs. 55 and 62). The
releases to the lagoons are dominated by cat. 3 tests
(Mururoa) and the Lycos test (Fangataufa). It is to be
noted that cat. 5 tests do not contribute appreciably to
releases to the lagoon at Mururoa (Fig. 13, lower part).
The reason is that dispersion smears out the break-
through curve and the total Pu inventory for these tests
is small compared to the other categories.

For the other isotopes, release rates into the carbon-
ates were calculated for typical tests, i.e. for Lycos in
the volcanics, for a CRTV test and for two cat. 1 tests
at two different depths with different yields. From this it
was possible to estimate the total releases [3]. A scal-
ing procedure and summation lead to an estimate of
release rates to the lagoons. These estimates are
reasonable with respect to maximum release rates but
yield a too rapid decrease (which is deemed to be of
minor importance).

The other isotopes may be divided into two classes as
discussed in more detail in [3]: non-sorbing and sorb-
ing nuclides. For non-sorbing nuclides, MC, 36CI, 79Se,
"Tc, 125Sb and 128I, a Darcy velocity of 20 m/yr for cat. 2
and 3 tests leads to a rapid transfer out of the chimney
and the contribution from lava leaching, if any, can be
neglected.
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Likewise, the transfer through the carbonates into the
lagoon is rapid. These nuclides are all much longer
lived than 3H, and so the full inventory is transported
(neglecting the lava contribution) to either the lagoon
or the ocean. In principle, the rubble portion of the
inventory exhibits the same shape as the 3H break-
through curves and in particular the maximum release
has occurred in the past. No measurements of con-
centrations in the lagoon are available.

For the sorbing isotopes, wherever two values are
given in Table 2 we have chosen, for the base case,
the lower sorption distribution ratio in order to overes-
timate the fluxes into the carbonates and into the la-
goon. Since even a small sorption distribution ratio
delays transport appreciably, and advective transport
is slower after a few 100 years when the thermal
phase is over, we have assumed a Darcy velocity of
2 m/yr in the carbonates. The short-lived nuclides 65Fe,
60Co, "Ni, 106Ru, 121Sm, 134Cs, 147Pm, 15lSm, 152Eu, 154Eu,
15SEu, 23ePu, 241Pu and 241Am do not survive transport in
the carbonates, but the inventory transferred to the
carbonates from cat. 2 and 3 tests in the first years
following the tests might be appreciable.

For the long-lived nuclides 59Ni, 93Zr, 107Pd, 126Sm, 135Cs,
236U, 237Np, and 242Pu, the release rates into the lagoon
are very low. The same is true for the actinide chain
241 Am, 237Np, 233U and 229Th.

4 CONCLUSIONS

It is not possible to quantitatively estimate the con-
servatism contained in the results presented. It should
be remembered that very little site-specific information
is available; model parameter values have been as-
sumed with no consideration of temporal or spatial
variability, and - most importantly - the transport model
concepts have not been tested in the context of the
atolls. The model concepts are, however, based on a
huge amount of work done in the context of civilian
radioactive waste disposal. The intention of the base
case calculations was to overestimate the conse-
quences by using a conservative method and pa-
rameter values, while avoiding the mistake of building
conservatism upon conservatism such that the end
result becomes totally unrealistic.

Recognising these limitations of the modelling calcula-
tions, we think that the releases presented here are
reasonable estimates of the overall radionuclide re-
leases to the biosphere8.

Although direct evidence with which to test the validity
of the modelling assumptions and the predictions is
limited, several encouraging confirmations have been
established:

Radionuclide concentrations in the chimneys observed
by the French scientists and during the IAEA sampling
within the study are not inconsistent with those calcu-
lated.

Pu concentration measurements in the vicinity of a
safety trial indicate strong retardation of Pu in the car-
bonates and are consistent with the calculated results.
Predicted radionuclide releases to the lagoons are
generally consistent with the concentrations measured
by the French scientists and in the recent IAEA sam-
pling campaign.
3H and the other non-sorbing radionuclides form an
underground source for the lagoon presently, but their
release will decrease from present-day values.

Sorbing nuclides will break through to the lagoon in the
future if their half-life is sufficiently long, albeit at a low
level.

Pu and other strongly sorbing nuclides will be confined
in the carbonates for very long times.

8 For the reader it might be of interest that the bottom line
of the Study was: Additional doses from the underground
nuclear tests are far below the natural background doses
at the atolls. No remedial action is needed on radiological
protection grounds. This is in marked contrast to nuclear
test sites elsewhere.
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COLLOIDS IN THE MORTAR BACKFILL OF A CEMENTITIOUS REPOSITORY FOR
RADIOACTIVE WASTE

E. Wieland, P. Spieler

Coiioids are present in groundwater aquifers and water-permeable engineered barrier systems and may
facilitate the migration of radionuclides. A careful evaluation of colloid concentrations is required to assess
the potential effect of colloids on nuclide migration and, consequently, on the safety of a repository for
radioactive waste. A highly permeable mortar is foreseen to be used as backfill for the engineered barrier
of the Swiss repository for low- and intermediate-level waste (L/ILW). The backfill is considered to be a
chemical environment with a potential for colloid generation and, due to its high porosity, for colloid
mobility. In this contribution a novel in-house built particle counting device is described, and measurements
of colloid concentrations in the pore water of backfill mortar are presented

1 INTRODUCTION

For the performance assessments of nuclear waste
repositories, a detailed understanding of the transport
mechanisms which govern the migration of radio-
nuclides in the engineered barrier system and the
surrounding geological formation is required. Colloids
may facilitate radionuclide migration from a waste
repository to the biosphere. Therefore, their impact is
consequently addressed in performance assessments
[1,2]. Three criteria must be met for inorganic colloids
to facilitate the transport of radionuclides: (1) colloids
must be present; (2) radionuclides must associate with
the colloidal material; (3) colloids and the associated
radionuclides must be transported through the aquifer.
The first criterion is met: colloids are abundant in
groundwater systems and have been found in
groundwater samples collected from aquifers in diffe-
rent geological and hydrogeochemical settings [3].
However, their concentrations are usually too low to
have an appreciable impact on nuclide transport. The
second criterion is also met as colloidal phases appear
to be effective carriers of strongly sorbing contami-
nants due to their relatively high surface area [4]. Note
that radioactive waste contains strongly sorbing radio-
nuclides such as lanthanides and actinides. Moreover,
it has been shown that the migration of colloids and
associated contaminants may occur in groundwater
aquifers indicating that the last criterion may be fulfilled
as well [3]. For the performance assessment of the
planned Swiss repositories, a transport model has
been developed accounting for colloid-facilitated radio-
nuclide migration in the near and far fields [5,6,7]. Two
important input parameters are required in the trans-
port model: (1) The concentration of dispersed colloids
for near- and far-field conditions and, (2) the distribu-
tion coefficient of a radionuclide between the colloidal
and aqueous phase. Both parameters can be provided
from laboratory and field studies. For example, an
extensive investigation on colloids in crystalline rocks
has been published [8,9,10], and field measurements
at the Wellenberg site are still ongoing [11].

The objective of this contribution is to describe the use
of a detection system which is employed at the Labo-
ratory for Waste Management (LES) for measuring
colloid concentrations at very low levels in liquid sam-

ples. A detailed description of the instrument will be
given in the following section. Measurements of colloid
concentrations in the pore water of highly permeable
"Monokorn" mortar, known by Nagra designation as
mortar M1, are then presented. The mortar material is
currently favoured as backfill in the planned Swiss
L/ILW repository. The backfill was specially designed
to allow the release of gas which could be formed in
the repository due to corrosion, and to ensure me-
chanical stability through the filling of voids between
the waste containers. In the final section, the effect of
the chemical composition of fluids on the colloid in-
ventory is discussed.

2 COLLOID CONCENTRATION MEASUREMENT

In this context, the terms "colloids" and "particles" re-
quire a few explanatory comments. There is no unique
view within the various scientific disciplines as to what
colloids and particles actually are in size [12]. The
situation is complicated by the fact that the definitions
are mostly based on experimental techniques applied
to discriminate colloidal and particulate materials. In
this study, the main criteria for distinguishing colloids
and particles is based on the presence of a chemical
entity (organic or inorganic) which is generated or
present in the system, is chemically stable, and small
enough to be dispersed in suspension by Brownian
motion. Hence, "particles" with diameters ranging from
1 nm to 1000 nm are denoted here as colloids. Larger
particles with diameters >1000 nm may be efficiently
retarded in the repository due to sedimentation or at-
tachment to the bulk material of the near field rather
than being dispersed in the pore water. The lower size
limit is set to discriminate colloids from dissolved spe-
cies (molecules and ions).

There is no unique method available which allows a
complete analysis of colloids or particles, for example,
the simultaneous determination of the concentration,
size distribution and composition of colloidal or par-
ticulate material. Hence, information on the properties
of colloids and particles is assembled from a combina-
tion of techniques. A particle counting system was
recently put into operation at LES which allows us to
detect colloids at low concentration levels and to
evaluate the size distribution of colloid populations
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over a broad size range. The counting device consists
of commercially available sensors which operate in-
situ on the principle of laser light scattering at single
particles [13].

2.1 Description of the particle counting system

A schematic view of the particle counting system is
given in Fig. 1. A high volume sampling flow of deion-
ised water is generated in the water purification sys-
tem to establish a flow rate of 500 ml_ min-1. The sam-
ples are injected into the sampling flow using a HPLC
pump at an injection rate of 200 to 2200 ml_ h-1. The
injection rate is dependent on the concentration range
of the samples. Three sensors are employed in com-
bination: a Horiba sensor (PLCA-311; Horiba Ltd.,
Kyoto, Japan) arranged in series with two PMS sen-
sors (HVLIS-C200-Cor and HSLIS-M50; Particle
Measuring Systems Ltd., Boulder, USA). After passing
the sample cell of the PLCA-311 sensor, the sampling
flow is split into two branches of different flow rates,
100 mL min-1 and 400 mL min-1, as recommended for
operation of the in-parallel arranged PMS sensors.
Regulators control the sampling flow.

The sensors operate on the principle that light scat-
tered by a liquid borne particle (or colloid) resident in a
laser beam is directly proportional to its size. Particles
of a given size scatter light through a given angle
which increases with decreasing particle size. There-
fore, colloids of the same size transiting the laser
beam produce the same amplitude pulses and pulses
of finite width. Since the samples are strongly diluted,
detection of single particles is possible. The pulses of
radiant energy are recorded by photodiode detectors
which are oriented at 90° to the laser beam. A rectan-
gular orientation greatly improves the signal-to-noise

ratio. The pulses are amplified and their maximum
amplitude stored with a conventional pulse height
analyser (peak detection). Optical sensors are cali-
brated with standard size particles to establish the
pulse vs. size interval curves.

Although operating on the same principle, the sensors
differ with respect to the optical systems, data acquisi-
tion as well as the properties of the lasers and sample
cells. The PLCA-311 counter operates with a Gaus-
sian TEMM mode laser (10 mW, 480 nm). Despite the
high resolution, it only incorporates three size chan-
nels with size thresholds > 100 nm, > 200 nm and
>500 nm at standard sensitivity. Output data repre-
sent colloid concentrations above the threshold set-
tings. The PMS sensors operate with a Gaussian
TEM«, mode laser (30 mW, 780 nm). The HSLIS-M50
is a 0.05um threshold monitor unit incorporating 4 size
channels. The sensor is connected to a PDS-PB data
system. This instrument has been designed for fast
and continuous real-time detection of colloids. The
HVLIS-C200-Cor operates in the spectrometer mode
incorporating a total of 8 size channels in the size
range 200 nm to 5000 nm. The sensor is controlled by
a MicroLPS data system. This instrument has been
designed for applications where high flow rates are
appropriate.

The particle counting system is controlled by an in-
house developed PC compatible software based on
DELPHI (Borland). The programme also allows data
acquisition and data compilation. For data analysis
and data treatment, however, commercially available
programmes are employed.

Millipore

Q

Sample

Partikel
EXE

MikroLPS

Spectrometer

Flow: 400 ml/min

PDS-PD

Monitor

Flow: 100 ml/min

Fig. 1 : Schematic representation of the particle counting system. The system consists of the following
components: Millipore Milli-Q Plus water purification system (Millipore); HPLC pump for sample
injection (Sample); a combination of three particle counters: Horiba PLCA-311 counter (PLCA-
311), PMS HSLIS-M50/PDS-PB monitor (PDS-PB) and PMS HVLIS-C200-Cor/MicroLPS spec-
trometer (MikroLPS); flow splitting unit (VT); flow regulators (FC); PC for instrument control and
data acquisition.
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2.2 Specification of the particle counting system

The particle counting system was designed for meas-
uring colloid concentrations and size distributions of
natural samples. The specifications of the counter
(PLCA-311), monitor (HSLIS-M50) and spectrometer
(HVLIS-C200-Cor) differ with respect to sensitivity
(smallest detectable colloid size), resolution (number
of channels) and sampling rates (flow). Spectrometers
operate with high resolution and relatively low sensitiv-
ity. Monitors are a new class of instrument with a high
sensitivity, high sampling rates but relatively poor
resolution. Optical counters have higher intrinsic reso-
lutions, however, incorporating only a very limited
number of size channels. A combination of sensors
enables us to determine particle size distributions over
the size range 50 nm to 5000 nm with a relatively high
resolution (maximum 13 size channels) and at a very
low concentration level (108 to 1011 particles L1). Note
that the lower concentration limit is due only to par-
ticulate impurities present in Milli-Q water (Fig. 2).

PMS PDS-PB

Horiba PLCA-311 \ 1

PMS MikroLPS

10:00:00 22:00:00

Fig. 2: Determination of the background of Milli-Q
water. The colloid concentrations determined
by the sensors are shown as a function of
time. Purified water (Miili-Q water) was in-
jected either directly into the sampling flow or
added via injection pump (pump rates: 200 ml_
h-1 and 2200 ml_ IT1, respectively).

2.3 Presentation of particle size distribution

A size spectrum with continuously decreasing particle
concentrations at increasing particle size can be dis-
played in terms of a power-law distribution. It has been
applied to display size distributions of atmospheric and
stratospheric aerosol particles (micron and submicron
size range) as well as sedimentary particles and sus-
pended matter in the ocean (submillimeter size range)
[14]. Numerous examples have demonstrated its wide
applicability for representing size spectra of particles
(or colloids) in natural systems. The continuous size
distribution is defined by [15]:

dN(0) . .
— ^ - = n ( 0 ) [m-3 in-1] (1)

d 0 v ' J v ;

where 0 is the linear dimension of the particles and
N(0) the concentration of particles of a given size

(particles m-3). For a graphical presentation of the
analytical data, the continuous size distribution is ap-
proximated by a discrete differential size distribution
with dN(0)/d0 given by the concentration of particles
per unit of size AN(0p)/A0p. Here A 0 p corresponds
to the size interval (= 0 p + i - 0p), and AN(0p) denotes
the cumulative concentration of particles in the size
range 0 p to 0p + i (bar height of the histogram). Since
concentration and size can vary over several orders of
magnitude, a log-log presentation is used to display
particle concentration as a function of linear particle
dimension:

AN(0,)
log—i—^=logA-bx log0

A0p

(2)

When laser scattering size analysis is applied for sort-
ing particles into size fractions, the characteristic di-
mension 0 represents the equivalent spherical-cross-
section area diameter. A and b are empirical parame-
ters of the particle size distribution. Particle popula-
tions of natural samples show size distributions with a
slope -b typically ranging from about -1.8 to -4.5 [14].

2.4 Size distributions of model systems

To evaluate the performance of the particle counting
system, test measurements on model systems were
carried out. In these tests, particle suspensions with
well-defined size distributions in the range 50 nm to
5000 nm were prepared from certified size standards
(Polystyrene spheres). The slopes -b of the size distri-
butions were approximately -3 and -4. In Fig. 3, meas-
urements (symbols) and expected size distributions
(lines) are displayed in accordance with the notation
given in Eq. (2). The characteristic parameters logA
and -b of the power-law distribution were calculated on
the basis of known and measured particle concentra-
tions. The tests show that the expected and measured
parameters, i.e., intercept (logA) and slope (-b), agree
well, indicating that the size distributions of particle
suspensions which were prepared from size standards
can be evaluated based on the measurements carried
out with the particle counting system. For natural sam-
ples, however, some uncertainties remain due to the
non-spherical shape and differences in the chemical
composition of the particles. Hence, the following as-
sumptions have to be made for natural samples: 1)
natural particles scatter laser light in the same way as
ideal spheres, 2) differences in the index of refraction
of natural particles (e.g., quartz: nD = 1.544 at 589 nm)
and reference particles (e.g., polystyrene: nD = 1.59 at
589 nm) are not large enough to cause any distortion
of the size distribution. An interlaboratory comparison
exercise in which different techniques were applied to
enumerate colloid samples showed that these as-
sumptions are well justified [8]. Measurements based
on laser light scattering agreed with other sizing and
counting techniques. One may thus infer that the sin-
gle particle counting technique can provide rapid and
accurate measurements of the particle concentrations
and size distributions in natural samples.
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Fig. 3: Tests measurements with particle suspensions prepared from certified Nanosphere™ size standards. The
model systems were prepared in such a manner to give particle size distributions with a) slope = -3 and
b) slope = -4 (power-law distribution). Lines represent the expected decrease in the particle concentrations
with increasing particle diameter (0). Circles indicate measurements of particle concentrations.

Table 1 : Expected and determined values of the characteristic parameters (logA, -b) for two model systems.
"Expected" values were calculated based on known particle concentrations in suspension. "Determined"
values were evaluated from measured particle concentrations.

Slope -b
expected

Slope -b
determined

logA
expected

logA
determined

Corr. coeff. r

(3.00 ± 0.03)

(3.99 ± 0.07)

(3.25 ±0.21)

(3.99 ± 0.23)

10.93 ±0.09

13.24 ±0.19

11.44 ±0.55

13.09 ±0.62

0.99/0.98

0.99/0.98

3 COLLOIDS IN THE PORE WATER OF MOR-
TAR BACKFIILL

Measurements of colloid concentrations in the pore
water of backfill mortar were carried out in lab-scale
batch systems [16] and within the frame of the COLEX
project. COLEX (COLumn Experiment) was a large
scale flow experiment with the goal of studying cou-
pled gas and water transport processes in the backfill
mortar M1 [17]. The study was carried out at the Insti-
tute for Building Materials (ETH ZOrich) within the
frame of the Swiss radioactive waste disposal pro-
gramme. In the following, we concentrate on the
COLEX experiments.

A schematic view of the experimental set-up is given in
Fig. 4. The column was made of two elements each of
which were filled with mortar M1 (total length = 2.7 m,
diameter = 0.274 m). A constant flow of 30 mL min-1 of
pre-conditioned water was maintained during opera-
tion using a peristaltic pump. The inlet was connected
at the bottom of the column inducing a bottom-up wa-
ter flow. Pre-conditioned water was prepared by mix-
ing drinking water with Portland cement (water/cement
ratio = 20). Injection cement water which was prepared

in this manner was analysed for the major cement-
derived elements, i.e., Ca, Na and K. The concentra-
tions of Ca, Na and K were determined to be -20 mM,
~3 mM and ~8 mM, respectively, indicating that the Ca
concentration of the cement water was controlled by
portlandite solubility which fixes the pH at ~ 12.5 (state
II of the cement degradation) [18]. The colloid concen-
tration of the cement pore water was found to be in the
range of a few ppb. Samples were collected through
the bottom and the top valves of the column (Fig. 4).
Fig. 5 shows the colloid size distributions measured for
a first series of pore water samples. The characteristic
parameters of the size distributions are given
in Table 2.

The colloid mass concentration was calculated on the
basis of the power-law distribution. Assumptions have
to be made concerning the shape and density of the
colloidal material in order to express colloid number
concentrations in terms of colloid mass concentrations.
The volume distribution function can be written as:

0

d0 6 d0
(3)
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Reservoir with
preconditioned water
(0.5 m3)

Column filled with
Mortar M l
l=2.7m
0=0.274 m

Fig. 4: Schematic view of the experimental set-up
for the COLEX project [17].

The mass distribution in the power-law approximation
is then given by:

dm it _3 dN
d 0 - / 7 6 d0

(4)

with p as the density of the cement-derived colloids
(p = 2000 g dm-3). The mass concentration of colloids
for a given size interval can be calculated by entering
the function of the colloid number distribution as given
in Eq. (2) into Eq. (4) and integrating the equation
within the size limits 0 1 (= 1 nm) and 0 2 (= 1000 nm).
Table 2 shows that the mean colloid concentrations of
the samples were 15 to 60 ug l_-1. The uncertainties in
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Fig. 5: Colloid size distributions in pore water of
mortar backfill. The colloid concentrations of
distinct size classes (AN(0)/A0) are shown
as a function of the particle size (0) (range
50 nm to 5000 nm).

the colloid mass concentrations are due to uncertain-
ties in both logA and slope -b. An additional series of
samples were measured at the end of the tracer mi-
gration study. The colloid mass concentrations of
those samples were found to lie within the uncertainty
ranges given in Table 2.

The pore water samples were also analysed for major
cement-derived elements (Table 3). The Ca concen-
tration was determined to be (23+3) mM indicating
control by portlandite solubility. The results reveal that
the chemical composition of the backfill pore water is
in accordance with a cement pore water in state II of
the cement degradation (pH ~ 12.5). Therefore, the
colloid concentrations given in Table 2 can be taken as
being representative of a degraded cement system.

Table 2: Characteristic parameters (logA, and b) of the power-law distribution as given by Eq. (2)
and colloid mass concentrations using Eq. (4). The uncertainty factor results from the asym-
metric shape of the power-law distribution.

Sampling

Column head:

Sample 1

Sample 2

Column bottom:

Sample 1

Sample 2

logA

11.64

11.67

12.07

11.49

±0.43

±0.32

±0.34

±0.34

Slope

-(3.55 ±

-(3.62 ±

-(3.55 ±

-(3.35 ±

-b

0.16)

0.12)

0.13)

0.13)

Colloid Mass
(size range 1 to
Median

22

16

58

45

[M9 L-1]
1000 nm)

Uncertainty
factor

4.4

3.2

2.9

3.0
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Table 3: Chemical analysis of the pore water of mor-
tar backfill

Element

Na

K

Ca

S

Si

Al

Mg

Concentration [M]

(6.1±0.8)x10-3

(1.7±0.2)x10-2

(2.3±0.3)x10-2

(5.1±0.3)x10-3

(6.6±0.9)x10-e

(2.0±0.4)x10-6

(1.0±0.5)x10-s

4 CHEMICAL COMPOSITION OF PORE WATER
AND COLLOID CONCENTRATIONS

From theoretical and experimental studies it was
shown that pore water velocity and the chemical com-
position of pore water (ionic strength and Ca concen-
tration) may exhibit an influence on colloid mobility and
concentration [10,19,20,21]. The water velocity affects
the physical parameters which control colloid removal,
e.g., transport to the collector surface. The water com-
position, on the other hand, affects the collision effi-
ciency, that is sticking to the collector surface. It has
been demonstrated that the dependence of the colloid
deposition rate on the water velocity is weak at low to
moderate flow velocities [20,21]. Increasing the water
flow from 1 cm IT1 to 100 cm h-1 enhances the deposi-
tion rate of colloids by only a factor of 5 in columns
filled with porous natural media, e.g., sandy soil and
aquifer material. Moreover, a theoretical analysis of

colloid mobility indicates that, at low to moderate flow
velocities, the deposition rate increases with flow ve-
locity by a power of zero to one third [21]. Therefore,
the main factor governing colloid deposition in natural
porous media and, consequently, the concentration of
dispersed colloids is the chemical composition of the
pore water.

In Fig. 6, colloid concentrations determined for cemen-
titious systems are compared with measurements of
the colloid concentrations in granitic groundwater
samples [9]. The colloid concentrations of the water
samples depend on the salt concentrations (ionic
strength) rather than pH. Fig. 6b shows a trend to
lower colloid concentrations with increasing ionic
strength. In the cementitious systems the colloid con-
centrations were found to be lower than about
0.2 ppm. In state I of the degradation of a cementitious
near field the ionic strength of the cement pore water
was predicted to be around 0.3 eq L-1 ([Ca] ~ 2 mM)
[18,22]. Consistently low colloid concentrations were
observed when mortar M1 was in contact with a highly
alkaline solution in batch systems ( / - 0.3 eq L-1) [16].
For state II of the cement degradation the ionic
strength was predicted to be lower (~ 0.07 eq L1), but
the Ca concentration is enhanced due to an increase
in the solubility of portlandite at pH 12.5 ([Ca]
~ 20 mM) [18,22]. Low colloid concentrations are ex-
pected for such conditions, and this was confirmed in
the COLEX study.

Studies on colloid mobility and colloid stability in natu-
ral porous media indicate that ionic strength and the
Ca concentration are the chemical factors controlling
colloid concentrations in laboratory as well as natural
systems [10,20]. Laboratory studies on columns filled
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Fig. 6: Colloid mass concentrations of groundwater and cement pore water samples are shown as a function of pH
and the ionic strength of the fluids. The values given for deep granitic systems with quasi-stagnant ground-
water aquifers (GW) were taken from the literature [9]. Sampling sites were located in the alpine and pre-
alpine area. Cement pore water (CPW) "state I" data were obtained by contacting backfill mortar M1 with a
highly alkaline solution of ionic strength 0.3 M in batch systems [16]. CPW "state II" data are given in
Table 2. Uncertainties in the data are estimated based on the ranges reported in Table 2.



99

with aquifer or soil materials show that a five-fold
increase in ionic strength may enhance the colloid
deposition rate and the collision efficiency a of car-
boxyl latex colloids [20]. In the experiments the sticking
factor a changed from 0.1 to 1 (maximum value)
based on an increase in the electrolyte concentration
(NaCI) from 0.03 M to 0.11 M [20]. The influence of Ca
on colloid stability was even more pronounced: an
increase in the Ca concentration from 10-4 M to 10-3 M
was reported to cause an enhancement of the collision
efficiency by two orders of magnitude, i.e., from 0.01 to
1 [10,20]. Hence favourable chemical conditions for
colloid removal by natural porous media are achieved
at ionic strength > 0.1 M or Ca concentrations > 10-3

M, respectively. Under these conditions every collision
of a colloid with the porous media results in attach-
ment (a = 1), and the deposition rate is limited only by
the frequency of colloid-matrix collisions. Hence, one
may conclude that the chemical conditions prevailing
in the near-field environment of a repository are
favourable for colloid-matrix interactions, giving rise to
low concentrations of dispersed colloids and, there-
fore, a minor impact of colloids on radionuclide migra-
tion.

5 SUMMARY AND CONCLUSIONS

A particle counting system for the determination of
particle concentrations at low levels and particle size
distributions is described. The counting system oper-
ates on the principle of laser light scattering by single
particles. A combination of sensors is used which al-
lows measurements of particle distributions in the size
range 50 nm to 5000 nm to be conducted. Tests on
model suspensions which were prepared from certified
polystyrene standard particles show that size distribu-
tions can accurately be presented on the basis of the
measurements.
Colloid concentrations and size distributions were de-
termined in cement pore water samples which were
collected from a column filled with backfill mortar M1.
The colloid mass concentration was estimated to be
lower than about 0.2 ppm. Analysis of the pore water
composition indicates that the backfill mortar had
reached state II of the cement degradation.

The results of the colloid concentration measurements
are in accordance with the hypothesis that the con-
centration of dispersed colloids in cement pore water
is low due to the specific chemical conditions. That is,
high ionic strength and Ca concentrations in the milli-
molar range prevail, which are favourable for colloid
sorption on a collector surface or colloid removal due
to aggregation. The low colloid concentrations are
expected to have a minor impact on radionuclide mi-
gration.
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INVESTIGATION OF PHASE TRANSFORMATION OF PRESSURE VESSEL MATERIALS
BY ELECTRICAL RESISTIVITY AND THERMAL ELONGATION MEASUREMENTS

K.Krompholz, D. Kalkhof

This paper describes the evaluation of thermal elongation and the dependence of electrical resistivity with
temperature at temperatures up to 1200 °C, in order to identify phase transitions for three selected reactor
pressure vessel (RPV) steels. It is possible to show that the phase transformation occurs in a temperature
interval within which a two phase field of the coexisting y- and a-phases exists. In this temperature interval
the material has to be considered as a compound, which is important for the mechanical testing. The mate-
rial did not return to its original state after heating, a dwell period and subsequent cooling. This was de-
tected by hysteresis effects during heating and cooling and from the observation of remaining austenitic
contributions in the microstructure after cooling. The region of the phase transformation was shifted to-
wards lower temperatures during cooling compared with heating.

1 INTRODUCTION

With respect to safety research the material behaviour
of the reactor pressure vessel under abnormal condi-
tions is a key factor. To calculate different scenarios,
reliable data on the coefficients of thermal expansion
and thermal conductivity are necessary. The reactor
pressure vessel material is of fine grained ferritic
structure, which undergoes a phase transformation
from the body centred cubic structure of the lattice to
the closer packed face centred cubic lattice at elevated
temperatures. This transformation is well known from
the iron-carbon phase diagram [1]. For RPV steels
knowledge is available from the time-temperature-
transformation diagrams [2]. Physical data are gener-
ally only measured in the regime of normal operation
(20 -300 °C).

There is a current lack of input data for modelling the
phase transformations with respect to calculating the
mechanical properties like creep behaviour, thermal
shock under accident conditions.

Within the REVISA project (Reactor Pressure Vessel
Integrity in Severe Accidents) one important task is
the physical-chemical investigation of phase transfor-
mation for the different RPV steels: 20 MnMoNi 55
(Germany), 15 CD 9 10 (France), and 15Kh2 MFA
(Russian), respectively. This contribution deals with
measurements of the specific electrical resistivity in
the temperature range -196 °C<T< 1200 °C and of
the thermal elongation in the range 20°C<T< 1200°C,
from which the linear and differential coefficients of
thermal expansion are determined. These measure-
ments are the basis for determination of the onset of
the phase transformation during heating and the re-
transformation during cooling [3]. The transport of heat
in solid metallic bodies is governed by electrons in the
conduction band, which is closely related to the elec-
trical conductivity. Hence the thermal conductivity can
be determined from the electrical resistivity [5-7].

2 THEORETICAL CONSIDERATIONS

2.1 Electrical resistance and heat conductivity

The results are discussed in terms of the physical
properties of the electronic structure of metals and
alloys. The relationship between the specific electrical
resistance and the heat conductivity is given by the
Wiedemann-Franz-Lorentz relation [6]

Xp = A T + B (1)

where p is the specific electrical resistivity, X the heat
conductivity and T the temperature delete. Bungardt
and Spyra [7] give

X =(0.021826 T + 5.7192) /p (2)

for austenitic stainless steels with a sum of the alloying
elements of lower than 50 % atomic fraction and

X = (0.029852 T + 1.67472) / p (3)

for ferritic steels with a sum of the alloying elements
lower than 10 % atomic fraction. The averaged error is
about ± 4% for the austenites and ± 5% for the ferrites.

The conductivity, X has units of W/cmK, the resistivity
has units of Q/m, and the temperature is in Kelvins.

2.2 Thermal elongation

For thermal elongation the linear coefficient of thermal
expansion is defined as

a | j n=( l - lo ) / lo(T-To ) (4)

where l0 and To are the initial length and temperature,
I and T the respective length and temperature at the
given temperature.

The differential coefficient of thermal elongation is
correlated with the derivative of the elongation versus
temperature, i.e.

Op=(1/I0) (dl/dT). (5)
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Table 1: Phase transformation of the pressure vessel materials, region of lattice transformation

Chemical composition (wt%)

Material

20MnMo Ni 55

15Kh2MFA

15 CD 910

C

.212

.178

.304

Si

.284

.310

.204

Mn

1.39

.444

.494

Cr

.122

2.70

2.09

Ni

.715

.161

.158

Mo

.515

.618

.950

Co

.0107

.0105

.0041

Nb

-

-

-

P

.006

.010

.003

s

.002

.011

.003

V

.0033

.54

.0088

Cu

.0297

.101

.0179

3 INVESTIGATIONS

3.1 Materials

The materials under investigation are the RPV steels
20 MnMoNi 55 (D), 15 CD 910 (F) and 15 Kh2 MFA
(RUS). The chemical composition is shown in Table 1.
The French steel 15 CD 910 is equivalent to the steel
2.25 Cr-1 Mo.

3.2 Dilatometric measurements

Specimens were fabricated with the diameter 5mm
and length 50 mm and were heated in a resistance
furnace with the heating rate of 0.5 degree/minute.
The temperatures up to 1200 °C were determined with
a Pt/Rh thermocouple.

3.3 Electrical resistivity measurements

Specimens were fabricated with square cross section
8x8 mm and length 25 mm. The distance between the
connections for the potential drop was 10 mm. The
temperature of -196°Cwas obtained in a bath of liquid
nitrogen. Temperatures up to 300 °C were achieved in
an electrical resistance furnace and up to 1200 °C in a
vacuum furnace. The same heating rate was selected
as for the dilatometric measurements. The tempera-
ture was measured by means of Chromel-Alumel
thermocouples for the low temperature regime, while
for the high temperatures Pt/Rh-thermocouples were
used.

3.4 Metallographic investigations

After heating and cooling at the prescribed rates, the
materials were metallographically examined by means
of an optical microscope to determine the remaining
austenitic contributions after cooling. The difference
between the original state and the state after heating
and cooling was compared for each of the RPV steels.

4 EXPERIMENTAL RESULTS

The specific electrical resistivities are shown in Fig. 1
while the variations of thermal conductivity with tem-
perature are presented in Fig. 2. The results from the
dilatometric measurements are the linear and the dif-
ferential coefficients of thermal expansion. As an ex-
ample, the results from these measurements for the
German RPV steel are presented in Fig. 3.

To investigate the source of the different material
characteristics before and after treatment, the austeni-
tic contribution in the bainitic structure was examined
with an optical microscope. Examples are shown in
Figs. 4 and 5.

15 CO 910

15 CD 910

30 MnMoNi 65 Healing

0 200 400 600 800 1000 1200 1400 1600

T/K

Fig. 1: Specific electrical resistivity versus tempera-
ture for different RPV steels. The unsteadi-
ness in the curves show the borders of the
phase transition region.

1.4-

1.2

LO-

OS -

0.6-

——Heating 20 MnMoNi 65
• " • ^ Cooling
—*— Heating 15 Kh2 MFA

T Cooling
• - f * Heating 15 CD 910
— • - Cooling

800

T/K
1000 1200 1400 1600

Fig. 2: Heat conductivity versus temperature for dif-
ferent RPV steels. The data were calculated
from the resistivity values.
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4

200 400 600 800 1000 1200 1400

T/K

Fig. 3: Linear and differential coefficients of thermal
expansion versus temperature for the RPV
steel 20 MnMoNi 55

5 DISCUSSION OF THE RESULTS

5.1 Thermal elongation

The measurements of elongation as a function of tem-
perature clearly reveal the zone of the phase trans-
formation. For the German RPV steel the range of the
transition zone is from 690 °C up to 850 °C, see Fig. 1.
The resistivity after cooling differs from the resistivity
before heating. The reason is apparent from the mi-
crostructure, in which a residual austenitic structure
after cooling is observed. The contribution of the re-
sidual austenite is higher for the French and the Rus-
sian RPV steel, than for the German steel.

The relative elongation during cooling is less than
during heating and the region of phase transformation
is shifted towards lower temperatures. This is a normal
behaviour for diffusion controlled phase transfor-
mation, similar to undercooling. From thermodynamic
considerations it is clear that the system did not reach
an equilibrium state, although it was in a stationary
state during the heating and cooling processes.

From Table 2 we observe that the German RPV steel
exhibits the lowest transformation temperatures during
heating, while the French and the Russian steels are
similar. If the chemical compositions are compared,
both these materials are similar to the 2.25CM Mo
steel, while the German steel is very different in com-
position, and consequently in transformation behav-
iour. The main reason is the chromium content of the
alloys.

Table 2: Phase transformation of the pressure ves-
sel materials, region of lattice trans-
formation

Material

20 MnMoNi 55
15 CD 910
15 CD 910

Heating

T/K
962-1115

1045- 1150
1035- 1120

Cooling

T/K
not determined

1060-930
1056-970

5.2 Electrical properties and the thermal conductivity

The three RPV steels investigated here undergo
phase transformation at different temperature bands,
as seen from the resistivity measurements (Fig. 2).
The resistivity after cooling differs from the value be-
fore heating for the same reasons as described in
§5.1. From the specific electrical resistivities, the
thermal conductivity can be evaluated (Fig. 3).

5.3 Microstructure

The microstructural investigations show the differ-
ences between the materials in the original state and
after heating and cooling. A specimen was heat
treated for 0.5 hours at 770 °C, for which the results
are presented in Figs. 4 and 5. About 50 % of the mi-

Fig. 4: Bainitic structure of 20 MnMoNi 55 in the as
received state. Etched with 5 % HNO3 solution

Fig. 5: Mixed bainitic-austenitic structure of 20
MnMoNi 55 after heating and cooling. Etched
with 5 % HNO3 solution
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crostructure is austenitic. The contribution of the re-
maining austenite is larger for the 2.25Cr-1Mo type
steel (French and Russian steel) than for the German
steel. The comparison of the microstructures of the
French and the Russian steels in the original states
show the same features. The remaining austenitic
contributions after heating, 2 hours dwell time and
subsequent cooling are also comparable, while the
contribution for the German steel is distinctly smaller.

6 CONCLUSIONS

Measurements of physical properties of different RPV
steels in the phase transition region are presented.
The major goal is to identify the region of the phase
transformation. The results show that

• the phase transformation does not take place at a
definite temperature as it does for pure metals, but
occurs over a finite temperature band. Between the
onset and completion of the transformation a two-
phase field exists in which the contribution of the
two phases are stable at a given temperature.

• The reverse transformation does not proceed to
completion during cooling under the tests condi-
tions. The microstructure shows that high tem-
perature phase contributions remain in all cases.
The high temperature phase contribution after
cooling is larger for the 2.25Cr-1 Mo steels (about
40 %) than for the German steel 20 MnMoNi 55
(about 25 %). This can be seen from the electrical
resistance, where the values are closer to those
before heating in the case of the German steel than
they are for the other steels.
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AEROSOL RETENTION IN HOT POOLS UNDER

REALISTIC ACCIDENT CONDITIONS

A. Dehbi, D. Suckow, S. Guntay, H. Schutt, H. Leute

The POSEIDON-li experiments investigate the aerosol scrubbing by hot pools to provide data to help pre-
dictive models. The experiments consist of seventeen tests which examine the dependence of the Decon-
tamination Factor (DF) on water height, carrier gas steam mass fraction and particle diameter. Selected
experiments demonstrate the contribution of individual aerosol removal mechanisms such as impaction and
condensation at the injection point. The DF is found to increase significantly with water height and steam
mass fraction. The data show that important aerosol retention occurs in hot pools, and hence the standard
assumption of zero decontamination in boiling pools is overly conservative. The data also appreciably re-
duce the uncertainty in aerosol scrubbing estimates for shallow pools (<2 m) when compared with best
estimate models. This uncertainty is particularly important because a large fraction of the aerosols can
escape shallow pools, whereas deeper pools are known to retain most of the aerosols. Results of computer
simulations with the BUSCA code show a fair agreement with the data at low pool heights (with low DFs),
but are non-conservative for larger heights. The discrepancy is believed to be due to the hydrodynamics
model in the code which assumes a bubbly gas flow, whereas the actual regime is churn-turbulent with
smaller gas residence times in the pool.

1 INTRODUCTION
In case of a postulated long-term loss of core cooling
accident, fission products are expected to be released
from the degraded fuel in the core. Analyzing the re-
lease, transport and retention of these fission products
is a fundamental step towards quantifying the amount
of radioactivity which would ultimately make its way to
the environment.

In many Light Water Reactor (LWR) degraded-core
accident scenarios, the transport paths of aerosol par-
ticles include passages through stagnant pools of wa-
ter. In Boiling Water Reactors (BWRs) for instance, the
steam-gas-fission product mixture is directed towards
the suppression pool where steam is condensed to
prevent over-pressurization of the wetwell air space. In
Pressurized Water Reactors (PWRs), the mixture
could pass through the pressurizer quench tanks be-
fore reaching the containment; in other instances, the
fission product laden gas could leak into the secon-
dary-side pool of a steam generator following a postu-
lated tube rupture. Hence, it is important to design
models and experiments to simulate the aerosol parti-
cle removal in water pools. Moreover, there is a poten-
tial reduction in source term estimates if more accurate
and realistic data are available to replace the conser-
vative assumptions which have usually given no credit
for hot pool decontamination ever since the WASH-
1400 [1] study.

Past aerosol scrubbing experiments have mainly been
integral in nature [2,3,4]. These investigations provided
valuable information on the ability of water pools to
scrub the entrained aerosol particles. Nonetheless, the
usefulness of these experiments to code validation is
limited because they did not isolate individual removal
mechanisms. Moreover, the collected data show that
the pool scrubbing capability is quite sensitive to the
test conditions. Hence it is crucial to conduct experi-
ments under systematically controlled boundary condi-
tions in order to reveal the impact of various parame-

ters on the decontamination process. To remedy these
deficiencies and improve the theoretical models, an
aerosol particle scrubbing experimental program was
conducted at the Paul Scherrer Institut. The tests were
performed in hot pools because the effectiveness of
aerosol particle scrubbing in cold pools is well estab-
lished. On the other hand, hot pool data are rather
scarce despite the fact that the scrubbing pool tem-
perature is quite high in most risk-significant severe
accident scenarios.

2 OBJECTIVES OF THE POSEIDON-II
EXPERIMENTS AND THE TEST MATRIX

The objectives of the POSEIDON-II integral experi-
ments are twofold:

• To quantify the dependence of the hot pool scrub-
bing processes on the carrier gas steam mass
fraction, the water height and particle size.

• To test the BUSCA simulation code [5,6] against
the obtained data.

To meet the first objective, the experimental test matrix
is constructed in a systematic way in order to single
out the important parameter and determine its effect.
The inlet gas temperature and the water temperature
are kept approximately constant. Three series of con-
stant steam fraction experiments are performed (0,
0.55, 0.72). In each series, the pool depth is varied
from 0.3 to 4 m. A total of 17 tests are performed in
the first phase.

The aerosol particle simulant is insoluble SnO2 with an
Aerodynamic Mass Median Diameter (AMMD) of 0.3
u.m as the base case. The test matrix is shown in Ta-
ble 1. The effect of particle size on the pool decontami-
nation is investigated in the final two tests PA16 and
PA17. The latter experiments are repeats of PA14 and
PA15, except that the AMMD is about twice as big.
Tests PA22 through PA24 are conducted in a second
phase for repeatability and cross checking purposes.
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Table 1: POSEIDON-II integral test matrix

Experiment

PA06
PA07
PA08
PA09
PA10
PA11
PA12
PA13
PA14
PA15
PA20
PA21
PA16
PA17
PA22
PA23
PA24

Total
Flow

kg/h

147
147
147
147
125
125
125
125
93
93
93
93
93
93
93
147
147

Steam
Mass

Fraction

0.55
0.55
0.55
0.55

0

0

0
0

0.72
0.72
0.72
0.72
0.72
0.72
0.72
0.72
0.72

Gas
Temp.

°C
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250

Pool
Temp.

°C
85

85
85
85
85
85

85
85

85
80
85
80

85

80

85

85

85

Pool
Height

m

1
0.3

4.0

2.0

4.0
2.0
1.0
0.3
4.0
1.0
2.0
0.3

4.0

1.0

2.0

2.0
0.3

3 DESCRIPTION OF THE POSEIDON FACILITY

3.1 The aerosol generation system

The POSEIDON-II facility loop and associated aerosol
particle generation system DRAGON are shown in
Fig. 1. With the DRAGON system, particles of different
compositions or combinations of up to three compo-
nents can be generated and mixed with a gas com-
posed of steam and nitrogen in a given proportion.

The aerosol particles are generated by first evaporat-
ing the metallic powder material at very high tempera-
ture and then allowing the vapor to nucleate by contact
with a much colder carrier gas. This technique best
simulates the aerosol particle generation process dur-
ing the core degradation that can occur in a postulated
LWR severe accident. The DRAGON system is com-
posed of various modules:

• A powder or liquid feed system, which supplies the
metallic powder or a solution of the desired particle
material,

• a reaction chamber, which is a small volume inside
which a given metallic powder or liquid is vaporized
by a thermal plasma and allowed to oxidize in
contact with oxygen,

• a mixing chamber, which is a large volume where
solid aerosol particles are formed via nucleation
and condensation, then allowed to age,

• a steam generator and non-condensable gas deliv-
ery system. The steam generator can supply up to
250 kg/h of steam at 1 MPa. The non-condensable
gas system delivers nitrogen or air at a rate of up to
300 kg/h,

• a bypass tank, which serves as a scrubber for the
preliminary period prior to steady state.

For the various conditions of these experiments, the
SnO2 aerosol particles are generated with an AMMD in
the range of 0.2 \im to 0.5 \im.

DRAGON Facility POSEIDON II Facility

Fig. 1: Schematic of the DRAGON and POSEIDON-II facilities
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3.2 The POSEIDON-II test section

A schematic of the POSEIDON-II test section is shown
in Fig. 2. The POSEIDON-II test section is composed
of four main components:

• The particle laden gas injection system,

• the POSEIDON tank,

• the water heating and wall temperature control
system,

• the collector system.

The particle laden gas injection system consists of a
purge-gas and an injector tray assembly. The injector
tray system, which houses a number of vertical injec-
tors with different size (ranging from 3 mm to 20 mm in
diameter), is located inside the POSEIDON tank. The
design allows the straightforward selection of a par-
ticular injector and its alignment with the inlet piping
prior to the start of the test.

The POSEIDON tank, which simulates the scrubbing
pool, is a 5 meter high, 1 m in diameter cylindrical
vessel. The tank is insulated, and has heating coils
wrapped around its surface to maintain the wall tem-
perature at a desired temperature and avoid vapor
condensation above the water surface. In addition, the
tank has eight view ports for visualization and video
recording.

Connected to the tank is a heating system which es-
tablishes the desired pool temperature prior to the
start of the experiment. The water pool temperature
can be set from room temperature up to 100 °C.

The collector system is made up of the following items:

• A conical shaped collector,

• measurement stations and their associated heat-
ing systems,

• a condenser unit.

The collector is a module through which the gas flow
emerging from the water surface is channeled into the
measurement station. The measurement station is a
vertical pipe section to which several measurement
penetrations are connected. The station has its dedi-
cated heating system. Various aerosol particle char-
acterization devices, wall and fluid thermocouples, as
well as a psychrometer (humidity measurement) com-
prise the main components of the collector measuring
station.

A condenser unit is attached to the outlet of the meas-
urement station to condense the steam generated
during the heatup phase.

Atmosphere

Aerosol laden
gas from DRAGON

inlet Aerosol
Measurement
System

Outlet Aerosol
Measurement
System

Collecting System

TF: fluid temperature
P: pressure
IA: Andersen impactor
IB: Berner impactor
EF: membrane filter
Ph: photometer
CO: concentration
F: flowmeter
PS: psychrometer

Fig. 2: Main instrumentation in the POSEIDON-II facility
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3.3 Instrumentation and data acquisition

The POSEIDON-II facility is extensively instrumented
to provide the thermal hydraulic and aerosol particle
data from which to determine the pool scrubbing effi-
ciency. The latter is defined by the decontamination
factor (DF) which is the ratio of the inlet aerosol mass
flowrate to the aerosol outlet flowrate.

The characterization of the aerosol particles is accom-
plished using the following on-line and off-line devices:

• Two photometers attached to the inlet and outlet of
the tank which continuously monitor on-line the
relative aerosol particle concentrations.

• Two Bemer low pressure, 12-stage cascade im-
pactors which provide the particle aerosol particle
size distribution at the inlet and outlet side of the
POSEIDON-II test section. The Berner impactors
resolve aerodynamic cutoff diameters in the range
from 16 jim down to 0.009 jxm.

• One membrane filter unit, which provides local
aerosol particle concentrations at the inlet side. The
unit contains 6 filter devices which are used se-
quentially throughout the test.

• Two single membrane filter devices which provide
integral particle mass concentration at the outlet
side.

• An psychrometer which measures the humidity of
the outlet steam.

The aerosol generation process, steam-gas delivery
system and aerosol particle measurement devices are
all controlled by a PC-based process control system
which also monitors the tests and stores data for post-
test evaluations.

4 DATA ANALYSIS

After the experiment, the raw data is processed to
obtain the main parameters of interests, namely:

• The water pool temperature,

• the inlet and outlet steam mass fraction,

• the inlet and outlet gas mass flowrate,

• the inlet and outlet aerosol particle mass flowrate,

• the experimental decontamination factor (DF),

• the inlet and outlet aerosol particle size distribu-
tion.

The calculation of the continuous decontamination
factor is performed after calibration of the photometer
signals with the membrane filter measurements.

5 RESULTS AND DISCUSSION

Typically, two experiments per day are scheduled.
These experiments have the same boundary condi-
tions except that the pool depth is lowered for the sec-
ond run. The preparation of the test facility starts by
heating the mixing chamber and various pipes. During
the experiment, the aerosol particles are produced and
first carried into the bypass tank by the of steam and
non-condensable gas mixture (nitrogen for the most
part, and a small fraction of plasma gas composed of
Ar and He). As soon as steady aerosol particle gen-
eration is reached, the particle-laden mixture is
switched to the POSEIDON tank, and the data is re-
corded for 30 to 60 minutes at a sampling frequency of
1 Hz. The experiments ran usually smoothly although
the aerosol particle feedrate showed some fluctuation
because of the erratic aerosol particle generation
process.

5.1 Inlet particle size distribution

Provided the aerosol powder feed rate to the plasma
remains constant, the evaporation-condensation tech-
nique produces stable and repeatable particle size
distributions. The inlet size distribution is thus meas-
ured just a few times: in separate tests (TA02, PA18)
and in test PA21 for the low tin powder feed rate case
(0.01 g/s), and once (PA19) for the high powder feed
rate case (0.1 g/s). The outlet distribution, which
changes due to the scrubbing process, is measured in
most experiments to determine the particle-size de-
pendent DF.

The resulting inlet particle size distributions are shown
in Table 2. For all the low powder feed rate, the
AMMD's are quite similar and the mean AMMD is
0.3 p.m. When the powder feed rate is increased ten-
fold, the AMMD approximately doubles to 0.54 p.m.
The inlet size distribution is a sharp log-normal distri-
bution as seen in Fig. 3.

Table 2: Average parameters for inlet size distribution measurements

Experiment

TA02
PA18
PA21
PA19

Tin
Powder

Flow rate
g/s

0.01
0.01
0.01
0.10

Steam Mass
Flow rate

kg/h

0
68
61
68

Non-
Condensable

Mass Flow rate
kg/h

125
23
25
23

Steam
Mass

Fraction

0
0.75
0.75
0.75

Gas
Temperature

°C
265
235
256
267

Pool
Height

m

0
1.0
0.3
1.0

Inlet
AMMD

mm

0.30
0.31
0.29
0.54

GSD

1.36
1.33
1.37
1.73
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Fig. 3: Inlet aerosol size distribution

5.2 Experimental DFs

The average experimental parameters are displayed in
Table 3, and the DFs are plotted in Figs. 4 and 5. The
DFs vary smoothly and exponentially with pool height.
For the first two series of experiments with steam
mass fraction 0.55 and 0 (pure noncondensable), the
carrier gas flow rates are comparable; therefore, the
difference in DF magnitudes is essentially due to the
effect of steam content in the incoming carrier gas.
The DFs in the 0.55 steam mass fraction series are
consistently higher than those of the pure noncon-
densable series, highlighting the fact that the initial
steam condensation at the injector is an important
aerosol removal mechanism, even for hot pools.

It is interesting that the DFs in the 0 and 0.72 steam
mass fraction cases are of similar magnitudes, al-
though the series are characterized by different carrier
gas flow rates.

The data suggest a general dependence of the DF as
follows

DF = DFinjection X DFrise

where DF/nyecf/on lumps inertial and condensation re-
moval near the injection point, and DFrjSe refers to the
rise zone removal. Over the rise zone (> 1 m), it turns
out that DFrise c a n be correlated in terms of pool
height L as follows:

DFnse °= exp(j3L)

For all series beta is close to 0.37.
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steam mass fraction
carrier gas flow rate

147 kg/h
125 kg/h
93 kg/h
93 kg/h (repeat)
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24
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Fig. 4: Experimental DFs

Table 3: Average experimental parameters in the POSEIDON-II integral tests

Experiment

PA06
PA07
PA08
PA09
PA10
PA11
PA12
PA13
PA14
PA15
PA20
PA21
PA16
PA17
PA22
PA23
PA24

Inlet Gas
Flow
kg/h

142
142
145
146
138
138
125
125
94
94

91
87
92
92
98
153
153

Inlet
Steam Mass

Fraction

0.55
0.55
0.56
0.57
0.04
0.04

0
0

0.72
0.72
0.72
0.70
0.75
0.74
0.74
0.73
0.75

Gas
Temperature

°C
243
267
212
246
222
256
237
270
266
305
229
257
284
311
266
282
284

Pool
Temperature

°C
87
86
87
87
80
75
72
63
88
85
84
83
87
88
89
90
91

Pool
Height

m

1
0.3
4.0
2.0
4.0
2.0
1.0
0.3
4.0
1.0
2.0
0.3
4.0
1.0
2.0
2.0
0.3

Inlet
Aerosol

Flow rate
g/s

0.0118
0.0119
0.0096
0.0117
0.0117
0.0152
0.0161
0.0149
0.0081
0.0091
0.0063
0.0076
0.0386
0.0571
0.0087
0.0100
0.0083

Outlet
AMMD

(im

0.36
0.36
0.28
0.35
0.26
0.24
0.30
0.26
0.29
0.31
N/A
0.32
0.38
0.46
0.30
N/A
0.32

DF

7.30+1.42
6.61 ± 2.25
21.4 ±6.70
9.72+3.50
10.6 + 2.38
5.35 ±1.40
3.42 + 0.62
2.59 ±0.65
14.6±3.10
4.86 ±1.04
5.11 ±1.21
2.45 ±0.58
39.8 ±10.6
12.3±6.17
6.41 ±1.27
36.8 ±15.2
13.1 ±3.30
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Fig. 5: Experimental DFs

5.3 DF dependence on varying pool temperature

The dependence of the DF on pool temperature can
be revealed when the pool temperature increases
appreciably during the course of the experiment. This
is the case for experiments PA21 and PA24, which are
characterized by a shallow pool (0.3 m) and a high
steam fraction (0.72) of the incoming gas.

In PA21 (see Fig. 6), the pool temperature increases
from 79.5 °C to 92.5 °C during the experiment due to
the latent heat of steam condensation and low heat
capacity of the pool. As a result, the DF drops sharply
from 3.5 to 1.9. In terms of aerosol mass retention, this
translates into a drop from 71 % to 47 %. This result
underlies the degradation in the retention capability as
the pool temperature nears boiling and has implication
for accident scenarios where the pool temperature
would be expected to approach saturation.

As the water temperature increases, so does its corre-
sponding saturation vapor pressure. The rate of vapor

pressure increase is particularly great as boiling condi-
tions are approached. Since the steam partial pressure
in the globule immediately following initial condensa-
tion is equal to the vapor pressure at the pool tem-
perature (quasi-instantaneous thermal equilibrium),
the fraction of the steam which condenses at the con-
tact of the pool diminishes significantly as the boiling
point is approached, which implies a lower aerosol
particle removal rate.
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In PA24 (see Fig. 7), the same inlet conditions as in
PA21 prevail except that the carrier gas flow rate is
almost twice as big and the experimental time is
somewhat longer. Consequently the pool temperature
rises quickly to an equilibrium value of about 93 °C.
The DF decreases sharply at the beginning of the test,
but levels off later as the temperature reaches its as-
ymptotic value. The DF is larger for PA24 due to the
enhanced impaction at the orifice.
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5.4 Effect of particle size

Experiments PA16 and PA17 are repeats of PA14 and
PA15, except that the tin powder feed rate to the
plasma is increased in order to generate bigger parti-
cles at the inlet (0.54 jim as opposed to 0.3 urn The
outlet distribution is also shifted towards bigger parti-
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cles and the outlet AMMD is 0.38 urn, which is about
1.5 times the AMMD in the low powder feed rate ex-
periments.

As shown in Table 3, the DFs are noticeably higher for
the bigger particles (38.9 versus 14.6 and 12.3 versus
4.86, respectively).

5.5 Particle size-dependent DFs

Because of the high resolution of the Berner impactor,
it is possible to determine the size-dependent DF for
each experiment. Fig. 8 presents such DFs for ex-
periments PA16 and PA17. The data suggest the ex-
istence of a minimum efficiency point (much like in
filtration) at about 0.04 jim. Below that value, the pool
removes most of the aerosol particles by Brownian
diffusion which is very efficient. Above that value, the
DF increases with size as inertial removal mechanisms
become increasingly dominant.
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5.6 Particle pe-entrainement

After the completion of each test, re-entrainment ex-
periments were performed by halting the aerosol parti-
cle generation but allowing the gas to continue to flow
into the pool for a period of 10 to 15 minutes. No aero-
sol particle flow was detected at the outlet of the pool,
and the photometer reading was merely showing its
noise level. Therefore, the particle removal is pre-
dominantly an irreversible process.

6 COMPARISON OF THE CODE PREDICTION
WITH THE DATA

The PSI version of the code BUSCA is used to predict
the DF for the given average parameters of each ex-
periment. The following assumptions are made:

• Bubble diameter is 5.6 mm.

• Bubble rise velocity computed dynamically using
the Wallis theory [7].

• SnO2 density is 6950 kg/m3 (0% porosity as-
sumed).

• The inlet size distribution is taken as that of test
PA18.

• For the two high concentration experiments, the
assumed inlet size distribution is that of PA19.

The results of the BUSCA simulation are exhibited in
Fig. 9 and in Table 4. For low pool heights (low DFs),
the predictions are close to the data, though slightly
conservative. For greater pool heights (DFs bigger
than 10), the predictions are clearly nonconservative.

1000:

10 100

BUSCA DF
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Fig. 9: Experimental vs. theoretical DF comparison

Table 4: Theoretical prediction versus experimental
data

Experiment

PA06
PA07
PA08
PA09
PA10
PA11
PA12
PA13
PA14
PA15
PA20
PA21
PA16
PA17

Experimental
DF

7.30 ±1.42
6.61 ±2.25
21.4 ±6.70
9.72 ±3.50
10.6 ±2.38
5.35 ±1.40
3.42 ±0.62
2.59 ±0.65
14.6±3.10
4.86 ±1.04
5.11 ±1.21
2.45+0.58
39.8 ±10.6
12.3±6.17

BUSCA
DF

5.48
2.12
183
19.1
13.4
3.85
2.84
1.54
1460
16.0
78.6
4.76
709
12.0

The explanation of these discrepancies lies in the dif-
ference between the modeled and real hydrodynam-
ics. BUSCA assumes that the flow consists of individ-
ual bubbles rising with terminal velocities in the order
of 30 cm/s. Visual observation clearly indicates that
the high gas injection rate into the pool produces a
churn-turbulent flow regime characterized by chaotic
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gas flows and turbulent liquid. The gas phase is com-
prised of two regions:

• A core region where intermittent globules of large
sizes and irregular shapes move quickly upwards
at velocities estimated in the range of 0.5 to 1.0
m/s.

• A peripheral region where small spherical and
spherical cap bubbles rise at lower velocities.

In other words, the main gas flow appears to have a
shorter residence time in the pool than is typical for
small isolated bubbles. Thus it is not surprising that the
predicted decontamination factors for deep pools are
optimistic since the longer residence times translate
into increased particle removal.

Another surprising discrepancy is the result for the
simulation of PA15 and PA17. The experiments are
identical except that PA17 has an inlet particle AMMD
twice as big as that of PA15. While the experimental
DF increases with particle size from 4.86 to 12.3, the
theoretical DF decreases from 16.0 to 12.0. BUSCA
predicts the experimental AMMD (0.30 (j.m to 0.54 jim)
to be near a minimum efficiency point. As pointed out
earlier, the data suggest a minimum efficiency at
0.04 ^m.

7 FLOW VISUALIZATION

Video camera recordings of the flow patterns were
made at several locations. At the injection point, a
large primary globule forms and detaches; this process
occurs intermittently. A few and much smaller secon-
dary bubbles can be spotted in the periphery of the
main globule. At an elevation of 0.5 m away from the
orifice, the flow is clearly of a turbulent nature, and the
gas phase is mainly made up of big slugs. At 1.1 m,
the big gas globules have disintegrated into smaller
bubbles, but the flow is still turbulent.

8 SIGNIFICANCE OF DATA AND UNCERTAINTY

Traditionally, it has been assumed that no aerosol
scrubbing occurs in hot pools. The POSEIDON data
indicate however that a significant retention credit, with
a DF as high as 20, can be given for hot BWR
wetwells. This is an appreciable reduction in source
term to the environment or to the venting filters when a
direct release from the wetwell airspace takes place.

To analyze the retention of aerosols by waters pools,
best-estimate codes have been developed in recent
years, [6,8,9]. However, due to the unavailability of
relevant data at severe accident conditions, these
codes are subject to major uncertainties which have
been characterized in NUREG/CR-5901 [10]. In this
study, Powers et. al describe a methodology for esti-
mating the uncertainty in the pool DF as calculated
from the Fuchs models [11]. Eighteen uncertain vari-
ables are identified. From the ranges of these vari-
ables, the span in the DF is calculated using a statisti-
cal Monte Carlo procedure. Fits are given to evaluate
the DF at desired confidence levels.

Although the assumed aerosol mean diameter in the
NUREG report is bigger than in the present investiga-
tion, it is worthwhile to compare the uncertainties in
both studies. As seen in Table 5, the relative uncer-
tainty in the POSEIDON DF is roughly independent of
pool height at 28 %, whereas in the NUREG model, it
increases noticeably with decreased height. The
POSEIDON data thus offers a substantial reduction in
the uncertainty for shallow pools (< 2 m), typical of
core-concrete interactions scenarios. It is precisely at
these pool depths that the good accuracy is required,
because for deeper pools (> 3 m), the DFs are large
enough that most of the aerosol mass is scrubbed
anyway, so that the predicted source term is insensi-
tive to the DF.

9 CONCLUSIONS AND RECOMMENDATIONS

The POSEIDON-II integral experiments provide in-
sights into the mechanisms which contribute to aerosol
particle scrubbing in hot pools.

The following conclusions can be drawn from this in-
vestigation:

• The DFs vary smoothly and exponentially with pool
height, confirming the findings of other investiga-
tions.

• The presence of steam in the carrier gas enhances
considerably the aerosol scrubbing.

• The aerosol particle removal increases with in-
creasing carrier gas flow rate.

• The pool retention capability degrades significantly
as its temperature approaches saturation.

• The decontamination factor increases with particle
size in the range of interest to pool scrubbing
(larger than 0.1 p.m)

The following recommendations are made:

• Since the code predictions are mostly on the non-
conservative side, there is a clear need for a thor-
ough review of the theoretical models which are
embedded in codes such as BUSCA.

• Separate effect experiments are recommended to
individually examine the important aerosol particle
removal mechanisms governing pool scrubbing,
namely: impaction at the orifice, thermophoresis,
sedimentation, diffusiophoresis, and inertial impac-
tion.

• An extensive experimental investigation of churn-
turbulent flow regimes in pools is also highly desir-
able. The investigation should be directed towards
establishing crucial parameters needed for reliable
modeling of the pool scrubbing phenomena. Topics
to be investigated must include: gas breakup phe-
nomena, bubble/globule size distribution, gas ve-
locity distribution, gas residence time and liquid-gas
interracial area.
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