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LWR-PROTEUS

The PROTEUS zero-power reactor facility is currently being modified to accommodate full
length Boiling Water Reactor fuel elements. Measurements will begin at the end of 1997 to

provide data to validate reactor physics computer codes as applied to modern, highly complex
fuels. The picture shows a CAD/CAM generated view of the modified facility.



FOREWORD

Prof. Dr. W. Kroger

The department "Nuclear Energy and Safety Re-
search" (F4) at PSI carries the responsibility of per-
forming the essential nuclear energy research in
Switzerland. This research is part of the remit of PSI
and follows government directive; about one-fifth of
the Institute's Federal budget is allocated to this task.
Currently about 190 persons are working in this field.
Approximately 45% of the salary and investment
costs (5.5 million CHF in the budget period 1996/97)
are externally funded. This funding is provided pri-
marily by the Swiss Utilities, the NAGRA and the
safety authority HSK, as is shown in Fig. 1.

While most of this support occurs in the framework of
mid- to long-term research contracts, 1.5 million CHF
are provided by the Swiss utilities to foster education
by means of attractive research projects. Another 1.5
million CHF is provided by the utilities for regulatory
research in agreement with HSK priorities.
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The issues which dominate the debate on the use of
nuclear energy are:

• Economics (costs, benefits), deregulation, inter-
nalisation of external costs, reliability of supply;

• Safety (of present and future nuclear power
plants), waste disposal demonstration, compara-
tive risk assessment;

• Environment, sustainability (emissions, use of re-
sources).
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Fig. 1: Sources of funding

The activities in nuclear research concentrate on
three main domains: Safety and safety related prob-
lems of operating plants (35% of total resources, in-
cluding directly related facility operation and infra-
structure), safety features of future reactor and fuel
cycle concepts (25%) and waste management (15%);
another 4% of staff are addressing broader aspects of
energy. Allocation of resources to the various projects
is summarised in Fig. 2.

At the end of 1996, a policy evaluation with the labo-
ratory heads took place in order to redefine the direc-
tion of F4 activities.

The outlook for nuclear energy and safety research
from now until the year 2010 is summarised in the
table overleaf.

In the light of these points, the following questions
regarding nuclear energy and safety research arise:

• Who is and who should be benefiting from our
research? Would they be prepared to defend it?

• What is the convinced self-understanding of F4
within PSI?

• Which are the sound and relevant research issues
that go beyond standard maintenance of know-
how and routine services?

• Are there any domains in our research which could
usefully be redefined?

• How can we present our activities in the most ef-
fective way?



Consideration of these questions led to the following
perspectives:

• F4 acknowledges its active involvement in the
research community of PSI. It defines its activities
in a mixed approach of basic research, applied re-
search with service elements and pure service ac-
tivities. This makes up a trivium encompassing re-
search, the safety authority and utilities.

• The strategy for defining research priorities is
"today-oriented" - safety of existing NPPs, waste
disposal as main goals - but with an adequate part
of future-oriented work. This includes also the
timely anticipation of upcoming issues that could
be relevant for existing plants. This means spe-
cifically:

- Concentration on those scientific and technical
domains in which we can reach a leading posi-
tion and which are indispensable to the users of
F4 research. Initiatives focus primarily on co-
operations within European research projects.

- Creation of the prerequisites for an objective
assessment of energy systems; establishment
of ourselves in our position as an authoritative
source of information, e.g. Expert for the Fed-
eral Office of Energy.

- Strong effort in the domain of sustainability with
the goal of being able to assess nuclear energy
on an equitable basis (advanced fuel cycles,
back-end, etc.); definition of sustainabilty crite-
ria and the corresponding research goals.

- Focussed effort on materials research topics -
materials behaviour under irradiation, corrosion
issues, FP-trapping fuels.

- Preparation of the next large project; the
shielded SLS-beamline is the most attractive
candidate from today's perspective.

• We see a potential research market in East Asia
and must take aggressive action to penetrate it.

Considering the current climate concerning research
needs and funding, there is no need for basic
changes in strategy of F4. We strive, nevertheless, for
an even stronger integration within PSI by using the
new research facilities, in particular SINQ and SLS.
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MAIN ACTIVITIES

The main activities during the year covered by this report are shortly described below. They include tasks
which were completed in this year, as well as certain projects still in their early stage. The description is
ordered under the main headings of short, medium and long term nature of the issues concerned, accord-
ing to the main three avenues of F4 activities. The individual articles to follow are cited by [first author].

SHORT-TERM NEEDS

1996 was the final year of the second phase of the
STARS (Simulation models for Transient Analyses of
Reactors in Switzerland) project. A proposal for a
follow-up project (STARS III) was submitted to HSK,
which has co-financed this project to this date.

The improvement and the upgrading of existing plant
models was continued. Among others, a plant specific
RELAP deck of the Gosgen NPP (KKG) was con-
verted into a RETRAN-3D deck.

The work started last year to support the review of
PSA studies submitted by KKG was expanded. The
new question is: how does the range of break sizes
that can be tolerated change if only a degraded
Emergency Core Cooling System (ECCS) and no
secondary-side depressurisation is available? The
study concluded that the minimum of the tolerable
break size range is not altered. However, due to the
assumption of an ECCS degradation, core damage is
to be expected since, for short periods, peak clad
temperatures are likely to exceed 1400 K. Further-
more, it was demonstrated that the core remains
coolable even after a Large Break Loss-of-Coolant-
Accident (LB-LOCA), despite the assumption of a
strongly degraded ECCS, although some fuel pins will
probably fail as they did in the previous case.

Three cases were studied on an on-call basis:

1. The plant behaviour during an Anticipated Tran-
sient Without Scram of the Main Steamline Isola-
tion Valve (MSIV-ATWS) for the Leibstadt NPP
(KKL) was analysed, as a follow-up of similar work
performed in 1995. Focus was put on the compari-
son of one-dimensional vs. point kinetics repre-
sentation of the core. It was concluded that point
kinetics is not conservative for this type of ATWS
analysis.

2. A critical review of the vendor codes used for the
safety analysis of KKG provided an expert opinion
on their adequacy for safety analysis.

3. The analysis of a Small Break LOCA at low power
for KKL is a sequel of work started previously. A
very detailed plant specific vendor model was
transferred to the publicly available code TRAC-
BF1. In general, the PSI-simulation yielded results
comparable to the results of the vendor. The dif-
ferences seen in the time evolution of the reactor
power are attributed to the different code versions
used, to known deficiencies of TRAC-BF1, and
especially to the differences in the core represen-

tation (3D-kinetics by the vendor vs. 1 D-kinetics at
PSI). Work towards a better understanding of
these differences is underway. Nevertheless, from
both the PSI and the vendor studies, the same
general conclusions can be drawn.

Further tasks of a research oriented nature were un-
dertaken:

1. Work on BWR stability focussed on the analysis
of some operational points of stability experiments
conducted at the beginning of cycle 10 at KKL.
[Hennig]

2. Investigations on the contribution of thermal neu-
trons to the fuel temperature reactivity feedback,
started in previous years, were expanded by
studying its dependence on burn-up. One impor-
tant result is that neglecting this contribution (a
simplification found in many core-dynamics codes
currently being widely used) leads to an optimistic
estimation of the fuel reactivity feedback and,
hence, to non-conservative results for safety re-
lated fuel parameters (e.g. fuel temperature, peak
fuel enthalpy). In response to these findings, the
cross-section model used in the neutronic mod-
ules applied in STARS will be upgraded.

3. The performance of the Chexal-Lellouche corre-
lation, the base for most of the void models avail-
able in RETRAN-3D, was checked against ex-
perimental data obtained from several sources,
but not yet included in the validation of RETRAN-
3D. The study concluded that in general this cor-
relation yields good void predictions.

Finally, the prototype of the object-oriented informa-
tion system PANDA/DINF for the ALPHA project was
completed. Invaluable experience for the forthcoming
development of STARS' own information system IRIS
was acquired.

The efforts in the project EDEN (Entwicklung, De-
monstration und Evaluation von Nachbestrahlungs-
untersuchungen - development, application and
evaluation of post-irradiation analyses), mostly with
financial support of the Swiss utilities and NPP op-
erators, concentrated on the following subjects:

• Corrosion resistance and mechanical behaviour of
Zircaioy fuel rod ciadding at high burn-up;

The introduction of new and improved fuel clad-
ding material is accompanied by a long and thor-
ough qualification process, in which eventually ex-
posure of pathfinder rods and lead test assemblies



in commercial reactors will provide the final proof.
The analysis of innovative cladding materials is a
key part of the project. In a joint project with a
Swiss power plant and a fuel vendor, the evolution
of the behaviour of low-tin cladding grades, in par-
ticular claddings with a low-tin external liner, was
analysed. Indeed, the corrosion resistance of
these alloys was found to be superior to that of
standard Zircaloy-4 grades. [Groschel]

The corrosion resistance of Zircaloy fuel rod clad-
ding depends on the type and size distribution of
the intermetallic precipitates. In the past, compari-
son of the results was made difficult by the incon-
sistencies of the measurement techniques. Within
the framework of the NFIR (Nuclear Fuel Industry
Research) group, PSI participated in a round-robin
test on the "Precipitate Size Distribution Measure-
ment" in Zircaloy-4 to investigate the variables
which affect size determination and to optimise the
experimental procedure to enhance the statistical
accuracy of the results. Results from 14 laborato-
ries showed the strong influence of the analysis
technique (SEM vs. TEM). For TEM analyses, the
variation coefficient about the mean was about
25%; the PSI results compare well with the find-
ings of the other labs.

The influence of irradiation and temperature on
intermetallics in Zircaloy was analysed for three
types of alloys differing in precipitate size. For the
three alloys, the form of the size distribution curve
of the precipitates was not significantly affected by
irradiation. The number density of the particles,
however, decreased by about a factor of 8 at an ir-
radiation temperature of about 650K and by a fac-
tor of 2.5 at 600K, signalling a dissolution of the
precipitates in both conditions. The change in dis-
tribution due to irradiation could be explained by a
constant decrease in precipitate diameter irre-
spective of particle size.

The oxidation of Zr to ZrO2 in the corrosion proc-
ess takes place at the metal-oxide interface, where
oxygen diffuses through the oxide. For this reason,
the knowledge of the metal-oxide interface struc-
ture is decisive to understand the corrosion proc-
ess. A TEM preparation technique of unirradiated
metal-oxide samples was developed, and high
resolution images of the interface gave details
about the crystallographic correlation between
both phases.

The uptake of hydrogen in the metal affects the
mechanical properties of the cladding, thus limiting
the lifetime of certain high burn-up fuel rods. In an
NFIR-project (phase III), the correlation between
hydrogen content and mechanical behaviour in
tensile and burst conditions was evaluated for high
burn-up fuel rods. In a first series of tests, using
hydrided unirradiated samples, the influence of
hydrogen content and temperature on the tensile

behaviour was demonstrated. Whereas a sharp
drop in uniform elongation of the tube was ob-
served at room temperature above a certain hy-
drogen level, a smooth decay was only noticed at
300°C, up to nearly twice that level.

• Irradiation-induced changes in boron carbide
based absorber materials;

Boron carbide is a widely used absorber material
in BWRs. The 1°B (n,a)->7Li reaction leads to a
substantial He build-up, causing swelling of the
components and eventually to control rod failures
by IASCC. The irradiation-induced changes of bo-
ron carbide based materials of differing boron
content, manufacturing process and casing mate-
rial were examined with respect to gas release,
swelling and lithium reaction with humidity.
Whereas cermets and steel encased samples
showed the best performance for the same volume
at the expense of less burnable boron, Al-encased
samples experienced severe metallurgical reac-
tions due to the low-melting AI-Li-eutectic.

• Irradiation-assisted stress corrosion cracking
(IASCC);

IASCC of stainless steels in BWRs and, to a lesser
extent, in PWRs is of concern to the industry. To
improve the basic understanding of IASCC, a re-
search effort on the relation between irradiation in-
duced microstructure defects and the evolution of
the deformation structures in stainless steel alloys
was continued. A project to revise the state-of-the-
art, ongoing programmes and specific Swiss
needs in IASCC research was started. The project
will allow to define a research subject of innovative
character complementary to the ongoing interna-
tional activities. This project is financed by HSK.

A new programme was started, primarily intended to
support the safe operation of the Swiss nuclear power
plants by improving the prediction of the remaining life
span of components. More generally, the aim of this
research is to identify, characterise and predict
mechanisms of ageing and failure, e.g. stress corro-
sion cracking, material embrittlement under neutron
irradiation and ductile fracture.

• Within the HSK supported project Stress Corro-
sion Cracking, one examines the environmentally
assisted subcritical crack growth in ferritic steels in
the reactor pressure vessels (RPV). The current
investigations are performed in high purity water
under a high system pressure and temperature.
The data gained from the experiments will enable
a computer-aided prediction of remaining compo-
nent life under operating conditions [Kalkhof\.

• The investigations on thermally induced cracking
of pipes were continued on behalf of the company
BERNEX AG. Temperature measurements ob-
tained by thermography improved the data for heat



transfer, which led to a refinement of the calcula-
tion methods. This provides a good basis for the
understanding and mastering of such heat treat-
ment processes.

• For KKL, fracture mechanics investigations were
performed for the two recirculation pump casings.
The fracture mechanics characteristics of a crack
flawed full model (3-D) and of a crack flawed slab
(as substitute model) were calculated with the fi-
nite element code ADINA and verified by compari-
son with analytical results.

• A comparison of the behaviour of material irradi-
ated for ten years and unirradiated material was
performed within the KKL surveillance programme.

Efforts to improve fuel utilisation and to increase plant
flexibility/output has led to a situation in which modern
LWR fuel designs, by virtue of their greater complexity
and heterogeneity, lie outside the current experimen-
tal validation database. This, in turn, has led to the
necessity to attribute larger uncertainties to core re-
load calculations for modern LWR fuel and thus more
conservative operating margins. The next experi-
mental programme at the PROTEUS facility will be,
therefore, an industrially backed programme dedi-
cated to the reduction of these uncertainties via
measurements carried out in real BWR fuel elements
(which will later be used at KKL). The first phase of
the programme (comprising a one year rebuild and 3
year experimental phase) will be supported by the
Swiss utilities in general and by Elektrizitatsge-
sellschaft Laufenburg in particular, and also by ABB
Atom who will supply specially prepared fuel elements
and technical support.

The conditions to be investigated will include 100 and
45% water densities, effects of absorber cross inser-
tion and lateral displacement of the elements. In addi-
tion to radial and axial power distributions and reac-
tivity effects, other more specific operational aspects
will also be investigated, such as relationship of in-
core instrumentation response to fuel element power
and also the power distributions within pins them-
selves (cross pin tilts). Apart from addressing the
shorter term needs of Swiss industry, the programme
will also include various aspects of future fuel con-
cepts. During the past year, the detailed reactor-
physical design of LWR-PROTEUS has been com-
pleted and shown to be satisfactory, both from ex-
perimental and safety points of view. Contracts for the
reactor rebuild and for the experimental phase are in
an advanced stage of preparation and should be
signed in early 1997. Test fuel has already been or-
dered, and first criticality of LWR-PROTEUS is
scheduled for the end of 1997.

MEDIUM TERM ISSUES

The LWR contamination project, a new contract with
HSK, supports the continuing research into the activ-
ity transport in the reactor water of BWRs. Corrosion
studies in the high temperature loop showed the oxide
build-up on stainless steels to depend strongly on
water velocity. Pre-filming of stainless steel in order to
minimise the activity uptake was continued. Long-
running experiments showed that special pre-filming
techniques are highly effective in reducing activity
uptake. Results of fundamental studies on the struc-
ture of oxide layers provide a correlation between
oxide morphology and activity deposition. 58Co in
oxide layers formed under normal BWR conditions
can be substituted by 59Co.

Many activities related to Source Term evaluation
were performed:

• The international ACE Project comprises 3 distinct
subprojects. It provides experimental data used to
verify the PSI codes IMPAIR3 (iodine behaviour),
WECHSL (core-concrete interaction) and VANESA
(aerosol release from concrete interacting with co-
rium). Code assessment using previously obtained
results was completed. This assessment and the
synopsis of the ACE programme were docu-
mented.

• The POSEIDON Loop project was successfully
completed. The data identified important modelling
deficiencies in the pool scrubbing codes. The in-
ternational task force that accompanied this project
provided invaluable data analysis and recommen-
dations. A follow-up programme, which will study
the bubble hydrodynamics in churn-turbulent flow
regime in open pools, has been initiated.

• The AIDA experimental programme investigated
the behaviour of the passive containment cooling
(PCC) system of the next generation Simplified
BWR (SBWR). Interactions of the aerosol particles
with condensation heat transfer during a severe
accident were investigated. The experimental part
of the programme was completed and a data re-
port will be issued in 1997. The tests indicated that
the heat removal efficiency of the condenser de-
pends strongly on the aerosol particle concentra-
tion, size and material composition. Soluble aero-
sols did not deposit on the condenser and did not
degrade its efficiency. Insoluble aerosol particles,
generated from structural material or core-
concrete interaction, were simulated using SnO2-
They showed strong deposition and significantly
reduced condenser efficiency. Code-data compari-
sons performed by PSI and the international part-
ners showed discrepancies which indicate limita-
tions in current models and methods.



Analyses of some postulated severe accident sce-
narios relevant to plant operation were conducted
as part of the source term study for KKG. The
main issues addressed were: vessel failure at low
or high primary system pressure, opportunities for
accident management, containment response, fis-
sion product and aerosol behaviour in the con-
tainment and their release to the environment.
Also, the factors controlling failure of the RPV fol-
lowing the slump of molten core material into the
lower head were investigated. Assumptions about
the slump scenario were taken from thermal-
hydraulic and core damage calculations. The time
and location of the failure in the RPV were esti-
mated taking into account creep and thermo-
plastic material behaviour. A final report is in prog-
ress. [Duijvestijn]

An OECD Workshop on iodine chemistry in reactor
safety was hosted by PSI in June 1996. About 70
experts participated and 34 papers were presented
in 5 sessions. The purpose was to exchange in-
formation on the chemistry of iodine and other fis-
sion products relevant to reactor safety, to discuss
the status of the open issues identified during the
previous Workshop held in 1991, to identify re-
maining reactor safety issues and to discuss de-
velopments and future plans. The Workshop pro-
ceedings are in preparation.

Radiolytic stability of Agl under p-irradiation is an
unresolved issue which has recently drawn atten-
tion due to the outcome of the first two PHEBUS-
FP tests. Representatives of the 4<h EU Frame-
work Research Programme attending the above
Workshop suggested to invite PSI to participate in
the current EU project "Iodine Chemistry"; the as-
sociated contracts with EU and with the Federal
Office for Education and Science (BBW) providing
half of the funding were signed. The project was
started in September 1996 and will be completed
by the end of 1997.

The international project PHEBUS-FP, running up
to the year 2002, investigates core degradation,
fission product release from degraded fuel or
molten fuel pool and their transport in the primary
system piping, interaction of fission products with
the control rod materials and iodine chemistry and
aerosol behaviour in the containment. It consists of
6 tests, two of which have already been con-
ducted. PSI has agreed to provide in-kind contri-
butions to PHEBUS-FP, which will include analy-
ses of molten material to be performed at the hot
laboratory of PSI and aerosol related research.
This research will directly apply the PHEBUS data
to Swiss nuclear power plants' safety issues. The
data will also be used for the assessment of com-
puter codes employed for the source term analy-
sis. In addition, experimental work on open issues
of common interest will be performed. This work is

composed of 5 distinct subprojects including in-
vestigation of the radiolytic stability of Agl under an
extended range of conditions, gaseous iodine
transport in piping with aerosol particles and verifi-
cation and qualification of the PHEBUS FPT4 filter.

An objective is to understand the behaviour of the
RPV under thermal and mechanical loadings during a
severe accident. The CORVIS (Corium Reactor Ves-
sel Interaction Studies) project investigated a potential
failure of the RPV lower head when attacked by mol-
ten corium. Computational modelling supplements the
measurements to obtain a more complete under-
standing of the physical processes underlying the
observations.

Three core melt experiments were carried out: one for
the observation of thermally insulating oxide crusts,
one with oxidic melt at a BWR drain line model and
one at PWR instrumentation tubes also with oxidic
melt. An earlier test with metallic melt at a BWR drain
line was evaluated and computationally modelled.

So far, the following conclusions can be drawn:

• A rapid release of overheated metallic melt from
the core leads to a breach of the BWR drain line
within a few seconds after melt contact. Failure of
the RPV wall by erosion is also possible.

• In contrast, an oxide pool in the RPV lower head
presents a lesser hazard to the drain line, provided
the system pressure is low. However, the oxide
melt can penetrate the wide drain line if there is no
residual water in the tube. If a tube breach occurs,
a considerable amount of core melt can flow rap-
idly out of the RPV.

• Oxide crusts provide thermal insulation which can
considerably delay melting of the RPV structures.

• Only a small amount of melt can penetrate the
narrow PWR instrumentation tubes. A breach of
the narrow tube due only to melt penetration is
thus improbable.

• At low system pressure, the RPV wall cannot be
destroyed within a short time by stagnant oxidic
melt, even in the vicinity of a penetration.

• At low system pressure, penetrations and the sur-
rounding area of the RPV wall are probably not the
most vulnerable region for lower head failure. The
most likely mechanism is creep, leading to global
failure.

Due to lack of funding, the experimental activities of
CORVIS were terminated prematurely at the end of
1996. However, computational evaluation of the ex-
periments will be continued.

The aims of the waste management activities are to
develop and test numerical models, and to acquire
selected data in support of the performance assess-
ments of nuclear waste repositories. The work is done



in close cooperation with and with financial support of
the Nagra, the National Cooperative for the Disposal
of Radioactive Waste. First priority was given to fur-
ther developing our understanding of mechanisms
related to the repository for low and intermediate level
wastes (SMA), and second priority to those for high-
level wastes. Part of the work is of generic nature and
finds its application in both repository projects.

Sorption of radionuclides on the various solid surfaces
significantly contributes to safety. Sorption data bases
are, therefore, fundamental for performance assess-
ments. Including careful descriptions of the methodol-
ogy by which they were developed, three data bases
have been produced: (i) for sorption on cement, an
up-date of the previous compilation, (ii) for sorption on
undisturbed marl, and (iii) for sorption on marl altered
by the high pH-plume emanating from the repository.
Important input to these data bases stems from our
own experimental investigations, especially those
concerning the impact of organic degradation prod-
ucts. Degradation of cellulose in a highly alkaline en-
vironment and its impact on sorption are described in
[van Loon]. Na-gluconate is a model substance for
organic cement additives. Its influence on sorption of
Cs, Sr, Ni, Am, Eu, and Th on calcite, a marl constitu-
ent and likely cement alteration product, and on CSH-
gel, a major constituent of cement, was measured.
Whereas the sorption on the CSH-gel is little influ-
enced by the presence of gluconate, the impact on
sorption on calcite is element dependent. Experi-
ments on sorption of Ni, Eu, Th on cement were also
done with a series of other cement additives. First
results show strongiy varying sorption reduction for
some of the additives. The second line of sorption
studies is aimed at a more detailed understanding of
mechanisms. Previously a mechanistic model based
on data for conditioned morillonite had been devel-
oped. Measurements were then taken of sorption of
Nickel on unconditioned Wyoming bentonite and the
model was beautifully confirmed. Work in this field is
ongoing with the plan to tackle surface analysis meth-
ods, especially EXAFS, beginning a program that will
eventually make use of the synchrotron light source to
be built at the Institute.

Another important factor in repository safety is the
limitation of nuclide concentrations in the liquid phase
at the source. Solubility limitations for dissolution of
spent fuel and cemented long-lived intermediate level
wastes were evaluated with chemical equilibrium
thermodynamics. Because the applicability of this
approach is doubtful for many waste elements, the
empirical modelling of co-precipitation was started. A
strong correlation was shown to exist between the
partition coefficients of trace elements into calcite and
the solubility of their carbonate salts.

The report on the investigation of complexation of
nuclides by humic substances is in its final stage. A
consistent picture was reached, which allows for

evaluation of the impact of humics on nuclide specia-
tion in liquid phase and on sorption.

Several activities continue on the side of transport
modelling: the past experiments on diffusion of nu-
clides through cement disks were carefully evaluated.
It was not possible to describe consistently all ex-
perimental data sets. New experimental information is
needed to develop new model concepts. The coupled
code MCOTAC is being further developed to include
porosity changes brought about by mineral dissolution
and precipitation. Also, source terms to describe
components produced by processes other than
chemical reactions are being introduced. Application
to the cement degradation experiments is ongoing.
The code on mass transport in fracture networks has
undergone extensive verification tests. In a second
phase of development, it will now include the descrip-
tion of heterogeneous rock matrices. Finally, the long-
term Caesium migration experiment at the Grimsel
Test Site was modelled [Heer]. With this, a many-
years project on migration of various reactive tracers
in crystalline rock came to a very successful end.

Colloids facilitating radionuclide transport are still a
matter of concern. The investigation of natural
groundwater colloids at the Wellenberg site and in
opalinus clay at Mt. Terri continue. The first is fo-
cussing on the investigation of colloid attachment-
detachment parameters; the second aims at collecting
first information on concentration and characterisa-
tion. Colloids might also be generated in the high
porosity backfill of the SMA-repository. First experi-
ments show that their concentration is likely to be low
and their impact on transport small.

For more than a dozen years PSI was involved in
biosphere modelling and strongly participated in inter-
national studies. The now sufficiently advanced status
of the tools, the departure of the responsible collabo-
rator, and the limited manpower involved in this field
led to the decision not to continue these activities.

The GaBE project (comprehensive assessment of
energy systems) continued its multi-disciplinary, inter-
departmental activities. Apart from F4, contributions to
the project are brought by the General Energy Tech-
nology Department (F5) of PSI, the Energy-Materials-
Environment Group (ESU) of ETHZ and the Compe-
tence Group on Risk and Safety Sciences (KOVERS)
of ETHZ. The work was supported by the BEW and
the VSE.

Within the area of environmental inventories new,
updated and expanded inventories were generated
for the currently operating energy systems, based on
the Life Cycle Analysis (LCA) method. Previous com-
parisons of electricity generating systems were ex-
tended and now include also wind energy. In re-
sponse to an inquiry from the Federal Office of Envi-
ronment, Forests and Landscape (BUWAL), full en-
ergy chain greenhouse gas emissions from oil- and



gas-based heating systems were compared; in this
context, sensitivities related to methane leakages
were evaluated.

Comparative evaluations of severe accident risks
were carried out based on the established database
and, where applicable, on Probabilistic Safety As-
sessments. Among the features of the database, its
demonstrated superior coverage in comparison with
other available databases is of primary importance for
the completeness of the analyses performed. The
comparisons concern only the technical risks associ-
ated with energy systems. However, a number of
features which have a bearing on the socio-political
side of the matter were highlighted. These include:
delayed effects, the potential that a large number of
people is affected, accident consequence categories
other than fatalities and the uncertainties involved in
the assessment [Hirschberg].

As regards decision support, a number of multi-
criteria analysis tools were tested and several exam-
ple applications to energy systems were carried out.
Full scope applications utilising GaBE-specific results
are being prepared.

To this context belongs also the study on the
"Comparison of Advanced Nuclear Systems" that
aimed at a matrix-based assessment of nuclear
power systems relevant in the coming 50 years, in-
cluding the "Energy Amplifier".

LONG-TERM ASPECTS

The R&D project Advanced Fuel Cycles, financially
supported by the Swiss utilities, contributes to the
long term development of nuclear energy. The two
principal strategic aims are: a) optimal utilisation of
resources in the existing LWRs and b) recycling of
actinides and long lived fission products in LWRs and
in reactors with a fast neutron spectrum or in the even
more advanced accelerator driven systems.

Reactor physics studies on increased plutonium utili-
sation in LWRs have concentrated on developing a
suitable uranium-free plutonium fuel for LWRs. Com-
parisons of operational and safety-related character-
istics were made between PWR cores with conven-
tional fuel and cores employing a Pu-Er oxide fuel in
an inert matrix. Both reactor-grade and weapons-
grade plutonium were considered. The results con-
firmed the much higher Pu-consumption rates achiev-
able in uranium-free cores (relative to 100% MOX
loadings), but detailed transient analyses are required
to further strengthen the safety case. In parallel to the
reactor design studies, work on data and methods
validation has begun. This mainly involves the partici-
pation in two international benchmark exercises (one
of which is being co-ordinated by PS I) and in a series
of reactivity measurements at the CROCUS facility of
EPFL, aimed at validating cross-section sets for vari-
ous burnable-poison materials.

On the materials technology side, detailed examina-
tions of high burn-up MOX irradiated in a Swiss power
plant confirmed the expected good performance of
fuel pin and fuel. A low corrosion rate of the cladding
and a low fission gas release was determined in
nearly unrestructured fuel. The exact determination of
the actinides and selected fission products and their
radial distribution is in progress. A similar examination
of two types of MOX fuel irradiated in a BWR to three
different burn-up levels was completed and reported.

The status of the work on an inert matrix for the incin-
eration of fissile plutonium in LWRs was reviewed at a
workshop at PSI with European, Japanese and US
experts. Preparation of multi-component ceramics,
Zr-Y-Er-oxides with Ce as substitute material for plu-
tonium and first measurements of thermal conductivity
of a prepared pellet were performed. The TEM exami-
nation of irradiation-induced microstructural changes
in small specimens at JAERI and Argonne National
Laboratory confirmed the expected very good stability
of the zirconium based matrix [Degueldre].

Activities on advanced systems, largely conducted in
collaboration with the French CEA, were related to
plutonium-burning fast reactors and to accelerator-
driven (hybrid) reactor concepts for actinide transmu-
tation. The former R&D had been in the context of
numerical validation work for the European ECCO /
ERANOS code system. Both deterministic and Monte
Carlo modelling are being carried out for certain ref-
erence, steel-reflected fast reactor configurations
derived from the CIRANO experimental program at
Cadarache. Actinide transmutation activities com-
prised the ATHENA experiments [Wenger] and sys-
tem studies aimed at the development of appropriate
performance criteria for hybrid systems. The latter
involved detailed investigation of "superthermal" and
fast-spectrum molten-salt systems, as proposed by
LANL and JAERI, respectively.

The aim of the collaboration between PNC and PSI is
to study the feasibility of the fabrication of MOX with
high plutonium content, following a simplified process
flow sheet with a reduced number of process steps,
and the irradiation behaviour of this fuel type in a fast
neutron spectrum. This research is part of the Japa-
nese long term strategy in defining a simplified and
cheaper reprocessing and refabrication scheme for
fuel with actinides (Pu, Np and eventually Am). Out-
line of the experiment and of the work scope as well
as reactivating equipment and calculation codes were
the first steps performed at PSI based on a signed
contract for this promising work. Besides the fabrica-
tion of the fuel and the test fuel pins to tight specifica-
tions, the support of the licensing procedure for a new
and not widely known concept will demand a strong
effort.

The objective of the ALPHA project is the experi-
mental and analytical investigation of the long-term
decay heat removal from the containment of the next



generation of LWRs with passive safety features; the
effects of aerosols on containment performance are
also considered.

After completion of the ten transient system tests for
the SBWR Passive Containment Cooling System in
the PANDA facility within time schedule and budget
by the end of 1995, the results were analysed and
documented under the quality assurance programme
specified by the USNRC. We passed successfully an
audit by the American safety authority. The experi-
mental results showed a favourable overall global
behaviour of the BWR containment and the Passive
Containment Cooling System exhibited great robust-
ness and was able to fulfil its function under all condi-
tions tested. Post-test calculations for all tests were
performed with the TRACG code and the quality as-
surance work for the code validation has also been
completed.

At the beginning of the year the ALPHA project
moved into its second phase. ALPHA-II consists of
three subprojects which are part of the 4th EU
Framework Programme. The cooperation between
the European partners covers experimental as well as
analytical work. Different passive containment cooling
systems for the various LWR concepts are experi-
mentally investigated in the existing test facilities
PANDA, LINX [deCachard] and AIDA. The analytical
work is concentrated on system behaviour calcula-
tions (with RELAP5) and on the detailed investigation
of particular phenomena (with GOTHIC and
FL0W3D).

The PSI part of the project European BWR R&D
Cluster for Innovative Passive Safety Systems is
dedicated to steady-state isolation condenser tests in
PANDA and to transient tests to investigate the per-
formance of the passive Building Condenser and
Plate Condenser decay heat removal systems.

In the project Technology Enhancement for Passive
Safety Systems (TEPSS) PSI is investigating sup-
pression pool mixing and stratification phenomena in
large pools (LINX). An innovative passive decay heat
removal system will be tested in PANDA and the
deposition of aerosols in condensers is being exam-
ined in AIDA.

The objective of the project Innovative Containment
Cooling for Double Concrete Containment (INCON) is
to prove the feasibility of an alternative solution to the
Westinghouse AP600 single shell metallic contain-
ment. The PSI part is to test and model a building
condenser. Activities were focussed on the necessary
facility modifications and definition of the test matrices
[Duty].

The four year experimental phase of the HTR-
PROTEUS project was completed on time, in mid-
1996. The main goals, namely the investigation of
criticality, reaction rate and reactivity effects of acci-
dental water ingress in a range of LEU HTR configu-

rations, had been satisfactorily achieved. The con-
cluding core configurations were designed to investi-
gate, on the one hand, the effect of water ingress to
the lower core regions only and, on the other, to as-
sess the effects of water ingress on core configura-
tions with a greater moderation than had previously
been investigated. In parallel, the compilation of the
results of the HTR-PROTEUS calculational bench-
mark exercise, defined at PSI and calculated by 8
different international research institutes, was com-
pleted and published. It showed a reasonable agree-
ment for the critical loading predictions but large
spreads for some neutron balance components, indi-
cating some cancelling of errors. In the final Research
Coordination Meeting of the IAEA Coordinated Re-
search Programme, in which the HTR-PROTEUS
experiments play a central role, the PROTEUS ex-
perimental results were, for the first time, compared
with analytical results from the various institutes. Un-
expectedly high discrepancies, especially regarding
the critical loadings, were observed. Although the
cause of these discrepancies is not yet fully known, it
is believed to be at least partly associated with the
approximate treatments of neutron streaming used in
deterministic neutronics codes. Monte-Carlo studies
carried out recently at PSI and at Delft University, and
designed to investigate this question, have indeed
shown that the effects are larger than originally ex-
pected and of a magnitude comparable to the ob-
served discrepancies. Final analysis of the measure-
ments will take place during the first half of 1997 and,
along with the compiled analytical results, will be in-
corporated in an IAEA TECDOC to be completed in
draft form by mid 1997 and published in early 1998.

INFRASTRUCTURE AND SERVICES

The hot laboratory is one of the major PSI facilities
which are operated to perform material science ex-
periments in fundamental and applied (energy re-
lated) research.

The hot laboratory is equipped to handle all types and
significant quantities of the radionuclides built up dur-
ing fission and activation with reactor neutrons or
accelerator particle beams. The laboratory is equipped
with state-of-the-art remotely operated analytical
instrumentation for solid state, surface, liquid, trace
element, radionuclide and mass spectrometric
analysis. In addition, physical security is provided by
heavy biological shielding and safety installations
against radionuclide intoxication, emission and theft.

Further steps were taken to rewrite the fundamental
safety report and to improve the installation security
and fire protection systems through hardware en-
hancements.

The analytical infrastructure was improved with a new
image analysis system for porosity measurement,
phase fraction estimation on polished sample sur-
faces, and a sinter oven allowing oxidative heat



treatment. A new titration processor was installed for
wet chemical analysis of actinides (U, Pu, Am) and a
video system for remote, in-line monitoring of strain
increments. The new system was successfully applied
for testing RPV steel samples.

Procedures are being developed to manage radioac-
tive wastes produced at PS I research facilities and
waste from medicine, industry and research, collected
by the Office of Health (BAG). The tasks are to help to
develop waste management strategies, to obtain the
necessary permits from the regulatory office (HSK)
and to obtain preliminary disposal certificates for con-
ditioned wastes from Nagra. The work is divided into
three parts: management (i) of wastes of the research
department F4 within the project RAMP, (ii) of wastes
under the control of the Office of Health, and (iii) of
wastes generated by the dismantling of research re-
actors at PSI. In all three fields considerable progress
has been made. In particular, significant progress was
realised in defining administrative procedures for con-
ditioning of plutonium-containing laboratory waste and
getting them approved by the regulatory body HSK.
Significant progress was also made in performing
actual steps for conditioning of radioactive laboratory
waste. Fuel pin remnants after post-irradiation char-
acterisation were overcanned and sent back to nu-
clear power plants. Plutonium-containing liquid solu-
tions were cemented and 4 m3 of solid low density
laboratory waste was compressed and cemented by
the PSI waste operation group.

In the Reactor School, a 59-week Technicians
Course for seven future reactor operators was con-
cluded in April. All seven candidates passed the final
examination and received the diploma of Technician
TS. Fourteen former graduates of reactor operator
courses passed a complementary examination and
received the same diploma. In January, the following
59-week Technicians Course (the 29th in series) was
started with five participants. This course continues
until April 1997. In addition, a 3-week course with
examinations for seven future shift-supervisors and
seven repetition courses for a total of 56 licensed
reactor operators and shift supervisors of the Swiss
NPPs were held.

INTERNATIONAL COOPERATION

Most of research activities described above are part
of international cooperations involving bi- and multi-
lateral agreements, including those without financial
obligations. The following table identifies the most
important international cooperations.

The most significant achievement in the past year in
this connection was the signing of the cooperation
contract with PNC for the fabrication of test fuel sam-
ples for advanced reactor systems. Further, two addi-
tional Swiss proposals from F4 were accepted as
shared costs projects in the 4 th European Framework
Programme "Fission Safety". Preliminary work on two
EU concerted actions was also performed.

GaBE

Advanced fuels technology
and fuel cycles

PROTEUS HTR-experiments

ALPHA

EDEN, reactor core materials

Waste management

Aerosol research, POSEIDON

Component safety,
stress-corrosion cracking

CORVIS

IAEA-Programme, OECD/NEA-Programme, COGEMA (F)

CEA (F), OECD/NSC, PNC (JPN), OECD/NEA-Halden (N),
international fuel programmes (GEMINI, FIGARO, ARIANE)

Delegated experimenters from USA, D, JPN, PRC, GUS, NL
within an IAEA-CRP; additional French participation

EPRI (USA), GE (USA), KEMA (NL), IEE (MEX), ENEL (I), EU.

ABB-Atom (S), EPRI/NFIR (USA), COGEMA (F), CEA (F)

FZK, FZR (D), EU

EPRI (USA), Framatome (F), AEA Technology (UK), GRS (D)

FZK (D), Siemens/KWU (D), IAEA,
MPA Stuttgart (D), VTT (FIN)

Contractual participation of 19 institutions from 10 countries
in a Task Force

International collaborations connected to F4 projects
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COMPARATIVE ASSESSMENT OF SEVERE ACCIDENT RISKS IN THE
ENERGY SECTOR

S. Hirschberg, G. Spiekerman, R. Dones

This paper addresses one of the major limitations of the current comparative studies of environmental and
health impacts of energy systems, i.e. the treatment of severe accidents. The work covers technical as-
pects of severe accidents and thus primarily reflects an engineering perspective on the energy-related
risk issues. The assessments concern full energy chains associated with fossil sources (coal, oil and
gas), nuclear power and hydro power. A comprehensive severe accidents database has been estab-
lished. Thanks to the variety of information sources used, it exhibits in comparison with other corre-
sponding databases a far more extensive coverage of the energy-related accidents. For hypothetical nu-
clear accidents the probabilistic approach has been employed and extended to cover the economic con-
sequences of power reactor accidents. Results of comparisons between the various energy chains are
shown and discussed along with a number of current issues in comparative assessment of severe acci-
dents. As opposed to the previous studies, the aim of the present work has been, to cover whenever pos-
sible, a relatively broad spectrum of damage categories of interest.

1 INTRODUCTION

1.1 Context of the study

In 1993 the Paul Scherrer Institute (PSI) in co-
operation with the Swiss Federal Institute of Technol-
ogy, Zurich (ETHZ) launched a long term project on
"Comprehensive Assessment of Energy Systems"
("Ganzheitliche Betrachtung von Energiesystemen",
GaBE). The ultimate goal of this project is an inte-
grated evaluation covering risk-related, environmental
and economic aspects associated with different en-
ergy systems [1]. The results of this work are intended
to serve as a scientific support to the decision-making
process concerning energy supply options for Swit-
zerland.

The energy sector is one of the main contributors to
man-made disasters. At the same time, major short-
comings exist in the current state-of-the-art of as-
sessing severe accident potential, characteristic for
different energy sources [2, 3].

This paper summarises the work on energy-related
severe accident risks performed by PSI and reported
in [4]. The approaches used and a major part of the
results are of general interest and not restricted to the
Swiss conditions. Parts of the work is therefore cur-
rently being used in the guidelines and state-of-the-art
reports by international organisations [5, 6, 7].

1.2 SEVERE ACCIDENT ISSUE

By severe accidents we understand potential or actual
accidents that represent a significant risk to people,
property and the environment. A reasonably complete
picture of health, environmental and economic effects
can only be obtained by considering damages due to
normal operation as well as due to severe accidents.

We consider accidents that might occur at fixed in-
stallations, storing and processing hazardous materi-
als, or when transporting such materials by road, rail,
pipelines, open sea and inland waterways. Examples

include fires, explosions, structural collapses and
uncontrolled releases of toxic substances outside of
the installation boundaries.

Basing comparative assessment solely on accidents
that occurred in the past provides only a partial pic-
ture of the risks since:

• Conditions (for example with respect to technol-
ogy, safety principles and culture, physical and
operational environment), characteristic for a spe-
cific event, may be inapplicable elsewhere, or ir-
relevant.

• Actual experience, if available, in most cases only
reflects isolated examples from a wide spectrum of
hypothetical accident scenarios.

• For some energy sources and for specific parts of
energy chains the statistical evidence is very
scarce, either due to unsatisfactory reporting or to
high standards and reliability of safety systems.

• The effect of expected advancements in technol-
ogy, including improvements of safety-specific
features, are not taken into account when past
events are evaluated.

Consequently, a balanced evaluation of severe acci-
dent risks associated with systems having extensive
built-in safety features ideally calls for the use of pre-
dictive approaches using Probabilistic Safety As-
sessment (PSA) methods. Evaluations based on past
experience are in any case useful as: (a) supplement
to PSA; (b) source of information to support PSA and
set the priorities; (c) frequently they constitute the only
available option, due to the limited number of relevant
PSA applications.

A number of earlier more or less comprehensive
studies addressed the comparison of risks related to
severe accidents in the energy sector. Fritzsche ad-
dressed the risks of energy production due to the
normal operation and due to accidents [8, 9]. His re-
sults concerning health effects, including the impacts
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of severe accidents, were adopted within the interna-
tionally co-ordinated effort to assess these impacts
[2]. When the present work was undertaken this con-
stituted the state-of-the-art in the comparative as-
sessment of the risks associated with power genera-
tion. In the meantime two major studies on external
costs of power production were published [10, 11].
While these studies significantly improved the knowl-
edge of environmental and health impacts of electric-
ity generation, and advanced the methodology of the
assessment, the treatment of severe accidents was
not given a high priority. Some progress was
achieved, but the overall state of knowledge in this
context did not change much. In Switzerland, a de-
bate on risks of energy production was intensified in
connection with the publication of a Swiss study on
external costs of energy production [12]. Particularly
the issue of economic consequences of nuclear acci-
dents was the subject of a discussion which also
found its way to the media [13, 14].

2 SCOPE OF WORK AND IMPLEMENTATION

2.1 Project scope

The following defines the scope of the work:

1. The assessment covers coal, oil, gas, hydro and
nuclear energy chains. Renewable energy sources
other than hydro were not included.

2. In relative terms the efforts were primarily concen-
trated on the evaluation of past accidents. A com-
prehensive database has been established and is
fully operational. PSA was only applied to nuclear
power plants.

3. The results are applicable to current technologies.
Analysis of the impact of prospective advance-
ments in safety was outside of the scope.

4. The present work concentrates on technical com-
parative analysis of severe accidents. Being aware
of the risk aspects which do affect the socio-
political side of the matter, efforts were, however,
directed towards addressing such features of en-
ergy-related severe accidents as delayed effects,
the chance of large number of people being af-
fected and the uncertainties involved in the as-
sessment.

2.2 Implementation and overall analysis strategy

At an early stage it was decided that building a severe
accident database from scratch would not be feasible
given the actual time and resource constraints. The
survey of the existing sources of information, carried
out at the beginning of the project, showed that:

a) Numerous sources of information exist; their avail-
ability, scope, development status and quality ex-
hibit an enormous variation.

b) Commercial and non-commercial databases are
available. They normally cover man-made acci-

dents in a variety of sectors and in some cases
also include natural disasters. Very few of the da-
tabases particularly consider energy-related acci-
dents. If they do, the coverage concerns one spe-
cific energy carrier, for example offshore acci-
dents. In most cases, energy-related accidents are
not explicitly identified among the other accidents.

c) None of the available individual databases has a
satisfactory coverage to form alone a basis for the
evaluation of severe accidents within the present
project.

d) The combined information assembled in the avail-
able databases would not be fully adequate for
meeting the objectives of this work. It needs to be
supplemented by additional sources in order to
achieve a high level of completeness and quality.

As a result of these insights the following approach
was applied within the project (the implementation
has not been fully sequential since some of the steps
were performed in parallel and also iterations were
necessary):

1. Acquisition of relevant databases. Table 1
shows a list of major accident databases. Out of
18 databases in the table, nine were directly used
as a source of information for the present work.

2. Implementation of the acquired databases on a
personal computer.

3. Merging of the contents of the various data-
bases within the framework of Microsoft Ac-
cess Database.

4. Elimination of overlapping events and/or har-
monisation of non-consistent information.

5. Identification of energy-related accidents and
among them of accidents considered as se-
vere.

6. Allocation of energy-related accidents to spe-
cific energy chains and subsequently to spe-
cific stages within each energy chain.

7. Searches utilising supplementary sources of
information and aiming at checks as well as
identification of additional events; analysis of
the assembled material. This includes: annual
publications, general and specialised literature,
national and international newspapers, incident
lists and reports, and direct contacts with respon-
sible companies and other competent organisa-
tions or individuals.

8. Application of Probabilistic Safety Assessment
(PSA). This includes use of a full scope PSA to
estimate external costs associated with hypotheti-
cal severe reactor accidents.

9. Implementation of the additional evidence into
the database.

10.Evaluations based on the "final" set of data.
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Full Database Name
(Organisation)

Office of Foreign Disaster
Assistance Database

(OFDA)

Resources for the Future
(RfF)

Acute Hazardous Events
Database (EPA)

Minerals Management
Service Accident

Database
(access through WOAD)

Major Hazards Incidence
Data Service (SRD)

Casualties and Demolition
Database (Lloyd's)

MARCODE (HSE)

SIGMA (Schweizer Ruck)

WOAD Offshore
Databank (DNV)

Failure and Accidents
Technical Information

System (TNO)

SONATA (TEMA/ENI)

Accidents Book (UB)

List of Failed Dams
(ICOLD)

VARO (LRIOH)

Emergency Preparedness
Canada Disaster

Database

Emergency Disaster
Events Database

(CRED/CUL)

Inventory of Belgian
Catastrophes

Major Accident Reporting
System (JRC-ISEI)

Country of
Origin

USA

USA

USA

USA

UK

UK

UK

Switzerland

Norway

Netherlands

Italy

Germany

France

Finland

Canada

Belgium

Belgium

European
Community

Database
Code
Name

OFDA

RfF

AHE

MMS

MHIDAS

LLOYD'S

MARCODE

SIGMA

WOAD

FACTS

SONATA

HSUB

ICOLD

VARO

EPC

EM-DAT

IBC

MARS

Time
Period

Covered

1900-1995

1945-1991

1900-1995

1970-1995

1900-1995

1976-1995

1985-1995

1969-1995

1970-1995

1920-1995

-

1900-1983

1850-1992

1978-1987

1900-1995

1900-1995

1889-1995

1980-1991

Geogra-
phical
Area

World-wide

World-wide

USA

USA

World-wide

World-wide

UK

World-wide

World-wide

World-wide

World-wide

World-wide

World-wide

Finland

Canada

Belgium

Belgium

Europe

Type of Accidents
Covered

Man-made and Natural
Catastrophes

Man-made and Natural
Catastrophes

Chemical Accidents

Offshore

Industry

Offshore

Industry

Man-made and Natural
Catastrophes

Offshore

Industry

Industry

Industry

Dam Accidents

Man-made and Natural
Catastrophes

Man-made and Natural
Catastrophes

Man-made and Natural
Catastrophes

Man-made and Natural
Catastrophes

Industry

Table 1 : Major accident databases [4]; the code names of sources directly utilised in the present work are shown
in boldface.
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In a comprehensive analysis, accidents associated
with parts of energy chains outside of the borders of
the country for which the study is being performed
should be included. For a specific country various
energy chains usually have very different structures
with respect to their geographical locations. For ex-
ample, hydro power (which represents a simple chain)
is completely domestic, while for most countries
(including Switzerland) in the case of nuclear energy
only the power plants and waste storage facilities are
within the country with the other parts located abroad.
In the oil fuel cycle such accident-prone activities as
oil extraction and ship transportation are usually to-
tally external but a proper share of these accidents
should be allocated to the domestic power production.
The analysis of domestic facilities should be based, if
feasible, on PSA methods and supplemented with
historical data. Whenever PSAs for other plants
and/or past experience are used, the applicabil-
ity/transferability of the results to the situation being
analysed should be considered. The application-
oriented screening of the data can lead to reduction of
the risks for plants having excellent safety features. In
other cases, when these features are worse than
average, the plant-specific risk should be increased
on the basis of careful extrapolation.

Following this strategy, a detailed analysis was per-
formed within this project for the hydro and nuclear
chains. These detailed analyses are, however, out-
side of the scope of the present paper.

3 THE PSI DATABASE AND ITS MERITS

The present work establishes a comprehensive data-
base on severe accidents, with main emphasis on the
ones associated with the energy sector.

ENSAD (Energy-related Severe Accident Database),
which covers all stages of the analysed energy
chains, has been established using a wide variety of
databases and other information sources. Numerous
checks and complementary analyses beyond the
main sources of information were carried out. In this
context, particular attention was given to the applica-
bility and transferability of the data.

Currently, the ENSAD database covers 9845 acci-
dents, of which 3319 (33.7%) are energy-related;
6843 (69.5%) accidents were classified as man-made
and the remaining 3002 (30.5%) as natural. The per-
centage of energy-related accidents among the man-
made ones is 48.5%. This fraction is, however, not
fully representative (i.e. the share of energy-related
accidents is overestimated) since at present ENSAD
does not cover transportation and traffic accidents
unless they belong to a specific fuel cycle or the acci-
dent resulted from an interaction with a fuel cycle.

Typically about 30 energy-related accidents with at
least five fatalities per accident occur world-wide each
year. Among them 1 - 5 accidents per year had con-

sequences exceeding 100 fatalities. Nearly 90% of
the energy-related accidents collected in ENSAD
occurred in the time period 1945-1992. This domi-
nance is mainly due to the increased level of activi-
ties; however, improved reporting coverage probably
also plays an important role to this effect.

A comprehensive definition of what constitutes a se-
vere accident was established and consequently ap-
plied to coal, oil, gas, nuclear and hydro power energy
chains. Thus, an accident is considered to be severe
if one or more of the following applies:

1. at least five fatalities

2. at least ten injured

3. at least 200 evacuees

4. extensive ban on consumption of food

5. releases of hydrocarbons exceeding 10 000 ton-
nes

6. enforced clean-up of land and water over an area
of at least 25 km2

7. economic loss of at least 5 million US$.

Various types of consequences are covered to a dif-
ferent extent, depending on the availability and quality
of the data. These factors differ between the different
energy sources. Generally, the data concerning fatali-
ties are more complete and accurate than those con-
cerning other types of consequences.

Fig. 1 shows the content of ENSAD in terms of the
number of accidents of the different types and within
specific consequence categories.

Applying the definition of a severe accident, estab-
lished in the present work, 1772 energy-related acci-
dents stored in ENSAD are severe. Accidents with at
least five fatalities form the largest group (807
events). There is also in descending order a large
number of energy-related accidents involving major
releases of hydrocarbons, injuries, large economic
losses and evacuations. This distribution is quite
similar to the one which applies for man-made events
in general, while for the natural accidents large pollut-
ant releases are rarely reported.

Below follow some facts with respect to the conse-
quences (here limited to fatalities) of the accidents
represented in ENSAD:

• 48.2% of all accidents with at least five fatalities
are man-made;

• 22.8% of all accidents with at least five fatalities
are energy-related;

• 47.37o of man-made accidents with at least five
fatalities are energy-related;

• 28.6% of all accidents with at least 100 fatalities
are man-made;
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Accidents

Damage Category

All Accidents
Natural Accident Type

Man-made

Man-made Energy-related

Man-made Non-energy-related

A: No consequence threshold. B: C or D or E or F or G or H.
C:at least 5 fatalities. D: at least 10 injured. E: at least 200 evacuees.
F: more than 10,0001 of hydrocarbons released.
G: at least 25 km2 area of enforced clean up of land+water.
H: at least 5 Million US$ of economic loss.

Fig. 1 : Content of ENSAD - number of accidents by type and damage category [4].

• 7.2% of all accidents with at least 100 fatalities are
energy-related;

• 25.2% of man-made accidents with at least 100
fatalities are energy-related.

Clearly the share of man-made accidents and energy-
related ones in particular decreases when the very
large accidents are considered. This is because natu-
ral disasters frequently have extremely severe conse-
quences and dominate this category. Summing all
fatalities due to accidents in the period 1969 -1992 as
covered by ENSAD amplifies this picture. Thus, the
energy-related accident fatalities constitute only 1.1%
of the total in this period. This does not include the
latent fatalities associated with the Chernobyl acci-
dent, which may be manifested over a 70 year period.
Inclusion of the estimated latent fatalities and its allo-
cation to this period of time would increase the contri-
bution from the energy-related fatalities to between
1.4 and 2.3% (depending on whether a radiation dose
cut-off is used or not). This is still a relatively small
share which would be further reduced by inclusion of
all transport and traffic accidents.

Sixty five percent of all reported severe accidents with
at least 5 fatalities occurred in the Western World.
Similar to the registered increase (in relation to the
past) of the number of energy-related accidents dur-
ing the last 20 years, this is primarily caused by the
higher level of activity but some influence of underre-
porting from the developing countries is evident.

By using a variety of information sources from various
countries, ENSAD has a balanced coverage with re-
spect to countries and regions where the accidents
took place. This eliminates a problem encountered in

many other accident databases where local circum-
stances limit the availability and quality of information.

Access to and implementation of the highly diverse
input resulted also in a much more extensive cover-
age of man-made accidents in ENSAD in comparison
with other databases. In particular, while there are
807 energy-related accidents with at least five fatali-
ties in ENSAD, MHIDAS [15] contains 222 such
events and SIGMA [16] 170 such accidents. It has
been shown that even when higher damage catego-
ries are considered, ENSAD provides superior cover-
age of energy-related accidents.

4 COMPARATIVE ASSESSMENT

This paper presents some examples of comparisons
between the results obtained for the various energy
chains. Detailed energy chain-specific results may be
found elsewhere. For the full account we refer to [4],
but some highlights, e.g. estimated failure rates for
different types of hydro dams and offshore oil spills,
may be found in [17]. Similarly, for the account of the
PSA-based analyses, including external costs associ-
ated with hypothetical severe nuclear power plant
accidents, we refer to [4, 5, 18,19].

4.1 Energy chain comparisons

Comparisons between the different energy sources,
based on the statistical evidence, were carried out for
the period 1969 -1992.

The lower limit for the evaluations has been chosen
with view to temporal changes in technology, safety
regulations, efficiency of emergency services, degree
of underreporting etc.
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Fig. 2: Comparison of aggregated, normalised energy-related severe accident records for the period 1969 -1992;
immediate fatalities, injured and evacuated persons per unit of energy [4].

Fig. 2 shows the estimated number of immediate
fatalities, injured and evacuated persons per unit of
energy for six energy chains. Only accidents with at
least 5 fatalities, 10 injured and 200 evacuated, re-
spectively, have been included. With the exception of
Liquefied £etroleum Gas (LPG) all other energy
chains represent different means for electricity pro-
duction. The results are based on world-wide accident
statistics assembled within the present work. In the
case of hydro and nuclear, the results based on past
accidents in OECD countries (with the exception of
Japan and Republic of Korea) are provided sepa-
rately. For normalisation, data on energy production
by different means were used, expressed in terms of
equivalent electrical output; these data originate pri-
marily from the International Energy Agency [20].

The delayed fatalities, particularly relevant for the
Chernobyl accident, must to be treated separately.
The current best estimate of the Chernobyl-specific
delayed fatalities, primarily based on the assessed
doses received by the emergency workers and by the
public, is in the range 2.9 to 10.4 fatalities per GWe'a
produced by the nuclear energy; the upper bound was
obtained using no exposure threshold, an approach
not recommended by the Health Physics Society [21].

The statistical evidence available for nuclear acci-
dents resulting in fatalities is limited to one accident.
In the case of hydro power the statistical basis is sig-
nificantly better but still not very extensive. On the
other hand, the number of records for the fossil en-
ergy chains is relatively high.

In the nuclear case, contrasting the Chernobyl-
specific results with probabilistic estimates typically
obtained for western reactors demonstrates that naive

uses of the historical data may be crude and some-
times evidently unsuitable. In the hydro case, as
demonstrated in Fig. 2, using the records for the
OECD countries only, the normalised fatality rate
decreases by a factor of more than 50 in comparison
with the generic world average. This result is compa-
rable with the corresponding PSA-based estimate of
2.0*102 latent fatalities per GWe*a, obtained for the
Swiss nuclear power plant Muhleberg. Both estimates
illustrate one of the pitfalls of the uncritical use of the
generic experience.

The regional dependence applies also to coal, oil and
LPG chains, and less so to natural gas. However,
here the generic data may be much more applicable
also for developed countries, particularly those which
are importers of coal, oil and/or gas (applies fully to
Switzerland) and where the impacts of external parts
of various energy chains are to be accounted for. The
reason for this is that for these chains the extraction
and/or long transport steps exhibit high, frequently
dominant relative risk importance.

The comparison of economic damages is limited by
incompleteness and some serious inconsistencies.
First, the estimates of monetary losses are not avail-
able for a major part of non-nuclear accidents. Sec-
ond, the cost elements covered, i.e. the boundaries of
the calculation, are normally not documented and
may vary widely from case to case. Third, the nature
of the reported costs may be different - there is nor-
mally a large discrepancy between the compensation
paid by insurance companies, claimed damages, real
damages, direct costs and indirect costs. In the nu-
clear case the costs of two accidents have been in-
cluded, namely TMI and Chernobyl. They are domi-
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Fig. 3: Comparison of aggregated, normalised economic losses due to energy-related severe accidents in the
period 1969 -1992 [4].

nated by the latter accident which exhibits more than
one order of magnitude difference between the lower
and higher bound of the cost estimate.

Fig. 3 shows the monetary damages for each of the
energy chains, normalised by the energy produced
and based on the currently available information. The
results and their interpretation are subject to the seri-
ous reservations mentioned above.

Due to the devastating damages associated with the
Chernobyl accident, the normalised monetary dam-
ages are clearly highest for the nuclear chain, fol-
lowed by LPG, oil, hydro, natural gas and coal. Con-
sideration of the regional distribution of accidents
leads to a somewhat different ranking for the devel-
oped countries.

It is also worthwhile to note that the somewhat arbi-
trary limitation of the evaluation period strongly influ-
ences the results. For example, some of the hydro
accidents that occurred further back in time resulted
in extremely high damages.

Fig. 4 shows immediate fatalities for various energy
chains as normalised frequency-consequence curves.
Coal and oil chains exhibit the highest frequency of
accidents up to the level of about 70 fatalities per
GWe'a while hydro has the lowest. The reverse ap-
plies at higher levels of consequence. Fatalities in the
coal chain are predominantly occupational in contrast
with the other energy carriers.

The results for the Swiss nuclear power plant Muhle-
berg, shown in Fig. 5, originate from the plant-specific
Probabilistic Safety Assessment (PSA) and represent
latent fatalities; the different curves illustrate the out-
come of uncertainty propagation. The range of values
for predicted Chernobyl-specific latent fatalities re-
flects the impact of using a dose cut-off. The large
difference between the PSA-based results obtained
for Muhleberg and the experience-based Chernobyl
results illustrates once again the limitations in appli-
cability of past accident data to cases that are radi-
cally different in terms of technology and operational
environment.

4.2 Issues in comparative assessment of energy-
related severe accidents

In spite of significant progress made, some issues in
the comparative assessments of severe accidents
remain open. They are difficult to handle or may be
subject to inherent limitations. The following summary
is not exhaustive:

• Non-uniform level of knowledge and limited
scope of applications of risk analysis. Few
comprehensive PSAs have been performed for
energy chains other than nuclear although there is
a steadily growing number of applications for off-
shore, fuel transport, refineries, gas storage etc.
Regrettably few of such studies are published and
available for potential users.



16

c

i
o
CO

ve
ni

LU
o
>^
o
c

qu
e

CD

co
*CD

O

CD
o

ie
s i

at
a

CDJO
LU

_̂
O

X

1.E-2

1.E-3

1.E-4

1.E-5

10 100 1000

-•-Coal

- * -O i l

-°- Natural Gas

- * - Hydro power

• Nuclear
(Chernobyl)

10000 100000

Number of Immediate Fatalities, X

Fig 4: Frequency-consequence (immediate fatalities) curves for different energy chains, based on historical ac-
cidents world-wide in the period 1969 -1992 [4].

So
SI
I s
o I
c g
o o

CD w.

- 5

1.E-3

1.E-4

1.E-5

1.E-6

1.E-7

1.E-8

1.E-9

Chernobyl

IAEA, 1996

UNSCEAR, 1993

PSA, Muhleberg

95%

Mean

50%

5%

10 100 1000 10000

Number of Latent Fatalities, X

100000

Fig. 5: Frequency-consequence (latent fatalities) curves for different energy chains, based on PSA for the Swiss
nuclear power plant Muhleberg [22] and on the Chernobyl-specific potential latent fatalities with and with-
out dose cut-off [4].



17

• Uncertainties in PSA. While uncertainties are
implicitly represented in all analyses, including
the deterministic ones, PSA makes them visible.
The most significant limitations of nuclear PSA,
which affect the uncertainties, concern the treat-
ment of human interactions, common cause fail-
ures, external events, phenomenological aspects
of accident progression and source term issues.
Some of these limitations (such as the treatment of
human interactions) also apply to non-nuclear
PSAs; however, due to the multitude of processes
involved, generalisations are not possible.

• Difficulties to cover a wide range of conse-
quences in a consistent manner. There is a dis-
crepancy between the wide range of consequence
categories covered by the definition of severe ac-
cidents and the current possibilities to consistently
quantify their extent and the associated likelihood
for different energy technologies. For this reason,
reasonably consistent comparisons of quantitative
indicators are usually by necessity limited to only a
few categories.

• Treatment of the distribution of impacts in time
and space. Given the increased uncertainty of the
long range assessments there is a need to agree
on reasonable analysis boundaries that reflect the
priorities of decision makers. This issue is open
also in the context of impacts of normal operation.

• Applicability and transferability of severe acci-
dent data. Due to technological, operational, cul-
tural and environmental differences, when analys-
ing a specific object any use of generic data or
data specific for a plant other than the one being
examined must take into account these differ-
ences. This inevitably involves use of engineering
judgement.

• Treatment of risk aversion and non-
quantifiable social detriments associated with
extreme accidents. No consensus exists with re-
spect to the appropriate methods and data to be
used to quantify risk aversion. Further research will
help to improve and balance the current situation
but is not expected to fully resolve this issue in the
near future.

In [4] recommendations for future work are provided.
These include: (a) Database maintenance and basic
extensions; (b) Coverage of renewable energy
sources other than hydro power; (c) Consideration of
technological advancements and associated safety
improvements; (d) Further applications of probabilistic
techniques; (e) Estimation of external costs associ-
ated with energy-related severe accidents (beyond
the nuclear energy chain); (f) Swiss-specific allocation
of accidents in external stages of energy chains; (g)
Development of site-specific consequence analysis
for hydro power; (h) Refinements and broadening of
comparative assessment; (i) Explicit consideration of
risk perception/aversion.
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BASIC PROPERTIES OF A ZIRCONIA BASED FUEL MATERIAL FOR LWRs

C. Degueldre1, J. M. Paratte

The properties of zirconia cubic solid solutions doped with yttria, erbia and ceria or thoria are investigated
with emphasis on the potential use of this material as inert matrix fuel for plutonium incineration in a light
water reactor (LWR). The material is selected on the basis of its neutronic properties. Zr and Y are not
neutron absorbers. Among the rare earth elements, Er was identified as a suitable burnable poison. The
high density cubic solid solution is stable for a rather large range of compositions and from room tempera-
ture up to about 3000 K. Samples irradiated under low and high energy Xe ion irradiation up to a fiuence of
1.8 1016 Xecrrr2 were investigated by transmission electron microscopy. Low energy (60 keV) Xe ions did
not produce amorphization. From the observed bubble formation, swelling values during irradiation at room
temperature or at high temperature (925 K) were estimated to be 0.19-0.72% by volume. Furthermore, no
amorphization was obtained by Xe irradiation under extreme conditions such as high energy (1.5 MeV) Xe
ion irradiation and low temperature (20 K). This confirms the robustness of this material and argues in fa-
vour of the selection of a zirconia based material as an advanced nuclear fuel for plutonium incineration.

1 INTRODUCTION

The problem of excess plutonium in the world is a
reality and elimination strategies are being discussed
in various organisations [1,2,3]. The disposal of pluto-
nium in waste form is not economically viable, while
its elimination by transmutation in a light water reactor
(LWR) offers two advantages: the reduction of the
amount of plutonium and the generation of energy.
For the elimination of plutonium excess, a zirconia
based inert matrix fuel for energy production in an
LWR is the feasible option studied at PSI [1,4,5].

Zirconium oxide {ZrO^) is a promising candidate as
inert matrix because it may be stabilised by rare earth
oxides in a single phase solid solution (e.g. [6,7]). In
this material, rare earth oxides stabilise the phase in a
cubic structure and the stabilised zirconia is then
comparable to UO2 in a MOX fuel. In the suggested
fuel material, the stabilised zirconia fluorite-type
phase will be the host phase of plutonium, other acti-
nide elements or fission products. Binary cubic mix-
tures ZrCVYOi 5 are stable over a rather large range
of compositions (10-30 at%) and form solid solutions
with numerous dopants from room temperature to
about 3000 K (see Yokokawa et al. [7] and Kim [8]).

Little is known on the properties of zirconia based
ceramic, and on their behaviour under irradiation.
Some early studies reported data on zirconia lattice
expansion [9], thermal conductivity changes [10] and
mechanical properties changes [11], Berman and co-
workers [9] measured for zirconia a lattice constant
decrease in all crystallographic directions (less than
2%) after irradiation with 1.5-1018 n-cm-2 (fast) at 373 K.

It was also observed that during neutron irradiation of
uranium doped zirconia, the phase transforms to cu-
bic when the neutron fiuence increases; 100% trans-
formation was observed for 3-1016 n-cnr2 [12]. From
these studies it was concluded that the non-cubic

fraction is transformed to cubic which further stabi-
lises the phase.

More recently, Clinard and co-workers [13] studied
the behaviour of stabilised zirconia under neutron
irradiation and showed ordered inclusion arrays.

All of this information indicates that these zirconia
based materials have a relatively stable behaviour
even under irradiation.

For estimating the effect of reactor irradiation on a
possible zirconia based fuel, the behaviour of both
inert matrix and simulated fuel materials must be
studied under specific irradiation. Since fission prod-
ucts such as Xe are known to generate large material
damages (see e.g. [14]), a goal of the present study is
to assess the stability of these ceramic materials un-
der Xe irradiation utilising both high energy and low
energy particles.

After identifying the composition ranges of the mate-
rial on the basis of neutronic considerations, relevant
properties of an inert matrix composed of 85% ZrC>2-
10% YO1 5-5% ErO15 (at%) are described. Simulated
fuel materials such as ZrO2 - 10% YC^ 5 - 5% ErC^ 5-
MO2 (with M = Th or Ce) are also studied as ana-
logues of a plutonium uranium-free fuel.

2 NEUTRONIC PROPERTIES

The inert matrix material must by definition be inert
with regard to the neutron flux, that means that the
neutron capture cross section of the material must be
as small as possible.

The neutronic feasibility of LWR plutonium U-free
fuels was tested for various inert components and
burnable poisons. The neutronic performance of hy-
pothetical fuels is assessed here primarily in terms of
burnup reactivity.

1 Also at Centre des Sciences de I'Environnement, University of Geneva, 1209 Geneva, CH
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The burnable poison "Bp" must present a variable
neutronic behaviour with a large capture efficiency at
the beginning of the incineration in order to slow
down the fission reaction, and its absorption rate must
decrease as plutonium is eliminated. The products
generated by burnable poison transmutation and by
actinide fission must be subsequently considered for
their neutronic and chemical behaviour in the fuel
material.

The calculations were performed with the LWR code
ELCOS [4]. Calculations were carried out under pres-
surised water reactor conditions; the systems consid-
ered had similar core and assembly characteristics as
existing LWRs. Typical characteristics for the unit
cells are the following: the assembly is based on a
14.3 mm square pitch with zircaloy cladding of inner
diameter 9.30 mm and outer diameter 10.75 mm
within which the fuel diameter is 9.13 mm. The full
power conditions are: average fuel temperature
600°C, cladding temperature 315°C, water tempera-
ture 300°C, for a pressure of 158.8 bar, and a power
density of 103 MW-nr3. The data library used was
generated from the Joint European File, JEF [15].

Individual inert matrix or carrier components were
tested for MO2 - PuO2 - ErOi .5 with the metal (M)
candidates Zr, Al, and Mg. ZrO2, AI2O3 and MgO
behave in a similar way from the neutronic point of
view. If ZrO2 is selected as the main inert matrix com-
ponent, reprocessed Zr (after cladding irradiation in
LWR) does not have the natural isotopic composition

— 5.0 at% Er
- • - 7.2 at% Ho

• 0.8 at% Eu

—-- 0.5 at% Gd

UO2 Fuel

- - - - MOX Fuel

0 . 8 -

0 200 400 600 800 1000 1200 1400

Irradiation time [d]

Fig. 1: Effect of different burnable poisons on the
reactivity during burnup for ZrO2 - BpC^ 5 - PuO2

cells. Conditions: burnable poison Bp: Er, Eu, Ho and
Gd, 0.9 gem-3 Pu of isotopic composition: 2.7%
238pU, 54.5% 239pu, 22.8% 240pU| 11.7% 241 p u anc |
8.2% 242pu, Note: for Er and Eu the reactivity
changes with burnup are rather flat and consequently
a larger fraction of Pu can be incinerated.

(91 zr yields 92Zr); consequently its neutron cross-
section is smaller than the original 0.185-10-24 cm2

but larger than 0.14-10-24 cm2 (total conversion).
Among the elements preliminarily selected, Zr and Y
are accepted as inert matrix constituents in the form
of their oxides.

Several burnable poisons were tested (Fig. 1). The
fuel material considered was ZrO2 - PuO2 - BpC^ 5,
with Bp = Eu, Er, Ho and Gd. Pu incineration is fa-
voured by Er and/or Eu as suitable burnable poisons.
Ho and Gd are less favourable although they were
considered earlier for their relatively good behaviour.
The Er concentration required is large enough to con-
tribute to the stabilisation of the inert matrix.

Calculation shows that a fuel of composition ZrO2 -
PuO2-ErO-i5 employed in LWRs could generate
power while transmuting about 95% 239pu j n 5 cycles
of an LWR [1].

3 INERT MATRIX PROPERTIES

The inert matrix (85% ZrO2-10% YO15-5% ErO15)
preparation was tested by using various fabrication
methods. The density of the pellets obtained by se-
lected routes in relation to the sintering temperature is
shown in Fig. 2. From this graph, the best method for
the inert matrix fabrication was selected. For this pro-
cedure, the starting material was the nitrate solution
of the respective salts. Co-precipitation was carried
out by ammonia addition followed by filtration and
drying phases.

After pelletising and sintering (10 h, 1875 K), the
samples were characterised. Their weight and sizes
were measured to calculate their density and porosity.

X-ray diffraction spectra were recorded to check
presence of the cubic phase. The porosity of the sin-
tered pellets of the zirconia inert matrix was always of
the order of 5%.

The thermal conductivity, which is a relevant pa-
rameter concerning the energy transfer from the pellet
to the coolant, was tested on the inert matrix material.
Thermal conductivity is derived from the measure-
ments of thermal diffusivity using the laser pulse
method. The thermal conductivity is simply the prod-
uct of the thermal diffusivity and the volumetric spe-
cific heat capacity of the material.

The values of diffusivity obtained for our inert matrix
material are comparable with those presented by
Touloukian for analogous zirconia materials [16]. For
the temperature range from 500 to 1000°C, the ther-
mal conductivity of the inert matrix material was esti-
mated to be 1.4W-m-1-K-1 which, as expected, is
smaller than that of pure zirconia (about 2 Wnr 1 K- 1

[16]) and than that of a classical fuel: UO2 - 8% Gd
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Since this smaller heat conductivity affects the energy
transfer from the fuel to the coolant, material or de-
sign strategies need to be applied. The pellets might
therefore either be annular or made of a "CerMet".
The assembly could also be a series of oxide disks on
metal disks (zebra configuration).

100

as

go

gas

£80
ITS

-copretfpftsttd, not milted

—Copreclpneted, milled

coprsclpftstad, freeze dried, not
mllletf

, coprec*p!tEted. KtKlcd

910 1010 1110 1210I 1310 1410 1510
sintering temperature [ C]

1610

Fig. 2: Relative density of the pellet obtained by vari-
ous fabrication methods in relation with the sintering
temperature. Conditions: sintering time at each tem-
perature is 3 h, theoretical density 5.94 gcrrr3.

To prepare for electron microscopy of the inert matrix
material, trepanning disks of 3 mm in diameter were
made with an ultrasonic cutter. Then, these discs
were dimpled to 10-20 urn in thickness at the centre
part of the discs. Perforation was made by thinning
with a 3 keV Ar+ ion beam at an angle of 20° to the
surface of the disks. Final polishing was carried out
with 2 keV at 15°. All thinning was done at ambient
temperature. With the electron microscope, amorphi-
zation and defect cluster formation due to ion thinning
were not observed on the inert matrix samples. Inert
matrix samples were found to form cubic solid solu-
tions.

The inert matrix material was irradiated using an
analytical electron microscope with a low energy Xe
injector at the Japanese Atomic Energy Research
Institute.

Observations and irradiation experiments were per-
formed in a modified electron microscope JEM-
2000FXII equipped with a thermal field-emission
electron source and a 40 keV ion accelerator. The ion
beam was incident on the surface of the specimen at
an angle of 60°. The beam comprised 60 keV Xe ions
to provide a flux of 5-1012Xe-cnr2-s-1. To obtain
60 keV Xe ions, 2+ charged ions were selected under
a terminal voltage of 30 kV of the accelerator. The
irradiations were carried out at room temperature and
at 925 K with large doses (2-1016 Xe-cnr2) of low
energy (60 keV) Xe ions, simulating the situation in
light water reactor conditions.

The penetration depth in the inert matrix irradiated
with 60 keV Xe ions was estimated to be about
15 nm by the TRIM (using a displacement energy
Ed = 60 eV). All the irradiations were carried out for

one hour; the fluence of Xe ions was
1.8-1016 Xecm-2. The thickness observed with an
electron microscope is about 50 nm.

On the inert matrix with erbium, formation of bubbles
at the surface was observed on-iine above 10-15
displacements per atom that may provoke the swel-
ling of the material.

3.1 Xe ion irradiation at room temperature

Small defect clusters of about 1 nm in diameter were
formed at an early stage, at the fluence of
3101 4Xecm-2 , at room temperature. Then small
bubbles of about 0.3 nm in diameter were formed at
the fluence of 1.5-1015 Xecm-2, The density of bub-
bles increased up to the fluence of about
3 1015 Xecm-2. The bubble size grew with increasing
fluence and the diameters were ranging from 0.5 to
2.5 nm at the fluence of 1.8-1016 Xecm-2. Amorphiza-
tion did not occur, as was determined by the electron
diffraction patterns.

3.2 Xe ion irradiation at 925 K

Very smail defect clusters with size < 1 nm were
formed at an early stage of the fluence of
1.5-1014Xecm-2 a t 925 K as shown in Fig. 3(a). Then
small bubbles of about 0.5 nm in diameter were
formed at the fluence of 6-1014 Xecm-2, as shown in
Fig. 3(b). With increasing fluence, bubbles grew and
collapsed with each other as shown in Fig. 3(c-d).
Amorphization was not observed after irradiation at
925 K to the fluence of 1.8-1016 Xecm-2, a s can be
seen in Fig.3(d).

After ion irradiation, the volume swelling of the speci-
mens was calculated from the total bubble volume
which was measured from bubble densities and aver-
age bubble radius. Bubble densities Nb, were meas-
ured from bubble number counts in Figure 3(d) and
bubble volume Vb was estimated using the equation

Vb=--7i N r

where rb is the average bubble radius. The average
bubble radius was about 0.46 nm at room temperature
and about 1.44 nm at 925 K at a fluence 1.8-1016
Xecm-2. These bubble parameters of zirconia based
material are shown in Table 1. The volume swelling
was estimated to be about 0.19 % at room tempera-
ture and about 0.72 % at 925 K, respectively.

Irradiation temperature [K]

Average bubble radius [nm]

Bubble density [1012 cm-2]

Volume swelling [%]

300

0.46

23

0.19

925

1.44

2.9

0.72

Table 1 : Bubble parameters for sintered inert matrix
crystal irradiated at RT and at 925 K.
Conditions: fluence: 1.8-1016 Xecm-2.
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Fig. 3: Processes of formation and growth of defect
clusters and bubble formation in the inert matrix mate-
rial during irradiation with Xe ions. Conditions: 60 keV
Xe ions of 5 1012 Xe-cm-2-s-1 at 925 K. Fluence:
(a) 1.5-10™ Xecm-2 (defect clusters were formed),
(b)6-1014 Xecm-2 (bubbles were formed),

(d)1.8-1016 Xecm-2.
(With courtesy from N. SASAJIMA, K. HOJOU,

T. MUROMURA, Plutonium Rock-like Fuel Integrated
R&D Team, Japanese Atomic Energy Research In-
stitute, Tokai-mura, Ibaraki-ken, Japan 319-11.)

In the case of a cubic solution M|O2 - Mn O2 the lattice
parameter may be estimated considering the two
original cubic phases to be ideally mixed. In this case,
the lattice parameter d becomes:

d = dM| • x, + dM|| X|,

where M| stands for example for stabilised zirconia
and Mn for ceria or thoria.

From the estimate of the lattice parameter the density
of the fuel material may be evaluated.

The wet preparation method was adapted for the fab-
rication of a simulated fuel material ZrO2 -10% YO-i 5 -
5% ErO1 5-x% MO2 with M = Ce or Th as analogue of
Pu. These quaternary mixtures form also solid solu-
tions since the additive MO2 is also cubic. The effect
of the addition of CeO2 on the lattice parameter of
cubic solid solution is shown in Fig. 4. The theoretical
density of these material samples was about 95%.

The thorium-based simulated fuel was also investi-
gated. The porosity of this simulated fuel material
increased with thorium concentration. This may be
due to residual water retention consequent of a delay
in the hydroxide dehydration. ZrO2 -10% YC^ 5 -
5% ErO15-10%ThO2 samples were prepared to
investigate the microscopic behaviour of the material
under irradiation. TEM sub-samples were prepared by
mechanical grinding and ion milling at the University
of New Mexico. The thickness of such samples was of
the order of 100 nm.

40 60

CeO: cone [at%]

Fig. 4: Lattice parameter of the solid solutions derived
from the addition of ceria to stabilised zirconia. Condi-
tions: material ZrO2-a%YO1.5-b%ErO15-x%CeO2

with (a + b) ranging from 15 to 25; wet preparation route,
pelletising and sintering conditions see section 3.

4 SIMULATED FUEL PROPERTIES

Most of the group IVB elements (except titanium) and
the actinides crystallise with fluorite structure when
they form tetravalent oxides MO2 (with M = Hf, Zr, Ce,
Th or U). They can mix together forming solid solu-
tions. The changes of their lattice parameter following
addition of doping can be estimated. Kim [8] de-
scribes the change of lattice parameter by utilising
linear interpolations considering the lattice parameter
of the pure phase and the concentration of doping.

TEM analysis of simulated fuel has shown that the
sample was polycrystalline with the grain size varying
from 500 nm to several micrometers, and cavities of
50 to 100 nm in dimension were found mainly at triple
joints of grain boundaries. However, there were also
larger cavities of size similar to the crystalline grains
(500 nm to several micrometers) in the original
specimen. Some of these cavities may have been
filled with amorphous volumes which usually contain
Zr, Y and Th, as revealed by energy dispersive X-ray
analysis (EDS). Some of these amorphous volumes
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have been milled through, apparently due to a rela-
tively high sputtering yield. The cavities and the
amorphous volumes were estimated to account for
about 30% of the volume of the material.

The simulated fuel pre-thinned TEM specimen was
irradiated using the HVEM-Tandem Facility at Ar-
gonne National Laboratory. The material was irradi-
ated with an ion dose rate of 3.4-1012 Xe-cnv2 s-1, to
doses of 2-1016Xecm-2 with high energy (1.5 MeV)
Xe ions. Irradiation was carried out at 20 K with a
liquid helium stage, because previous experiments on
ZrO2 have shown that the phase is very resistant to
amorphization, but that amorphization might occur at
sufficiently low temperatures at which defect recovery
could be suppressed. Some observations were car-
ried out on-line.

In the simulated fuel irradiated at 20 K with large full
doses (2-1016 Xe-cm-2) of high energetic Xe ions, the
damage level of the material was observed off-line.
No amorphization was observed by in-situ observa-
tion of the electron diffraction pattern. According to a
full cascade TRIM-95 calculation (using E^ = 60 eV),
the damage in the middle of the electron transparent
TEM foil (100 nm in depth) reached 25 displacements
per atom at full ion dose. Ed was estimated based on
an empirical relationship between E^ and the melting
temperature of oxides.

Irradiation induced formation of dislocation loops was
evident. At a fluence of 2-1014 Xe-cm-2, a low density
of dislocation loops was observed and these disloca-
tion loops could be individually identified. At a fluence
of 2-1016Xe-cnr2, a high density of dislocation loops
was observed and the size of the loops ranged from
20 to 60 nm. These dislocation loops were either 2-D
interstitial or vacancy clusters. It was very difficult to
determine the interstitial/vacancy nature of the loops
due to the high density. Detailed TEM analysis after
ion irradiation did not reveal any amorphization even
near the grain boundaries (Fig. 5(a)). In some grains,
voids (3-D vacancy clusters) of 20 to 60 nm were
observed (Fig. 5(b)).

The results of this study indicate that the irradiation
temperature (20 K) is still too high to amorphize stabi-
lised zirconia. Compared to the stability of UO2 under
energetic irradiation conditions e.g. [17], stabilised
zirconia might be more stable maybe because it is not
redox sensitive.

5 CONCLUDING REMARKS

The described ZrO2-based inert matrix is a very ro-
bust stable material composite that forms a solid so-
lution with numerous fission product elements such as
lanthanides and transition elements. Optimisation of
the inert matrix material preparation has been
achieved. Inert material pellets with a theoretical den-
sity of more than 95% were produced using the co-

if* V

Fig. 5: TEM bright-field images of a 1.5 MeV Xe
ion irradiated sample (20 K). Conditions: material
75%ZrO2 - 10%YO-| .5 - 5%ErO-, .5 - 10%ThO2 (At%),
(a) HRTEM image showing the sample is still crystalline

even near the grain boundaries (2-1016 Xe-cnr2),
(b)image showing the formation of small voids

(2 1016Xecm-2).
(With courtesy from L. WANG, W. GONG, R. EWING,

Department of Earth and Planetary Sciences, Univer-
sity of New Mexico, Albuquerque, NM 87131, USA.)

precipitation method (wet fabrication procedure).
These materials have the disadvantage, however, of
being of low thermal conductivity; experimental work
is underway to improve the energy transfer.

No amorphization was observed under Xe irradiation
even under extreme conditions, for example low ener-
gy Xe and bubble formation, or high energy Xe and
low temperature (20 K). Swelling rates were esti-
mated to be 0.19% at room temperature and 0.72% at
925 K during irradiation of the zirconia inert matrix
with low energy Xe ions up to a fluence of
1.8 1016 Xecnr2 . This confirms the robustness of
this advanced fuel material. Excellent retention of
fission products is anticipated; however, specific tests
on caesium behaviour are still required.
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ANALYSIS OF URANIUM AND THORIUM THIN TARGETS IRRADIATED AT THE
PSI ACCELERATOR

H.U. Wenger, F. Botta, ft Chawla+, M. Daum*, D. Gavillet, F. Hegedus+, F. Ingold, Z. Kopajtic,
G. Ledergerber, H.P. Under, S. Rollin, J. Wichser, F. Wyss

The aim of the ATHENA1 programme at PSI is to provide experimental data for the validation of theoreti-
cal models in nucleon-meson transport codes used for accelerator-based transmutation studies. Empha-
sis is placed on the mass yield distribution of spallation and fission products for irradiated thin actinide
targets. This paper presents results of an irradiation experiment carried out with 2m\jo2 an(j 232jhO2.
Isobaric production cross-sections of fission and spallation products based on mass spectrometric meas-
urements and y-spectroscopy are compared with calculations carried out using the HETC2 code and the
RAL3 high-energy fission model.

1 INTRODUCTION

The experimental ATHENA programme at PSI related
to accelerator-based transmutation concerns thin-
target proton irradiations of actinides. The purpose of
the irradiations is to provide experimental data for the
validation of high-energy fission models in nucleon-
meson transport codes, with emphasis on the mass
yield distribution of spallation and fission products.
Semi-empirical models involving different types of
adjustments are applied in the codes available. Due
to the limitations of the models applied there is con-
siderable spread in calculational results for the irra-
diation-product mass-yield distributions for different
actinides. In the context of transmutation, especially
for systems employing direct proton bombardment of
minor actinide targets, such differences can be im-

portant due to the widely different toxicities and half-
lives of the various fission and spallation products.

Results of a first thin-target irradiation experiment with
238uo2 at PSI were reported earlier [1]. The present
article gives results of a second experiment carried
out with 238UO2 and 232jhO2 targets and was essen-
tially presented at PHYSOR 96 [2]; some more recent
findings are being included in Sections 2 and 6. The
basic experimental setup and the analysis methods,
viz. y-spectroscopy, jnductively coupled glasma mass
spectrometry (ICP-MS) and total reflection X-ray fluo-
rescence (TXRF), were described in detail [1] and are
not repeated here except in the context of changes
which have been made recently. The computer code
used at PSI for providing comparisons with calcula-
tions is HETC [3] with the RAL high-energy fission
model [4].

thermo-couple

thermo-couple

helium outletcooling tubes

Fig. 1 : Irradiation head with the three geometrically identical targets

+ Co-affiliation: Swiss Federal Institute of Technology, CH-1015 Lausanne
x Department of Nuclear and Particle Physics (LKE, F1), PSI
1 ATHENA = actinide transmutation using high energy accelerators
2 HETC = high energy transport code
3 Rutherford-Appleton Laboratory
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2 EXPERIMENTAL SETUP

The samples were irradiated in the PIREX Qaroton
irradiation experiment) facility using 0.6 GeV protons
from the PSI ring accelerator. In contrast to the first
irradiation, the proton beam did not have to be shared
with other experiments at the accelerator, thus provi-
ding fairly stable conditions and a total fluence about
100 times larger than the one obtained earlier. An
irradiation head with three targets in series was used
(Fig. 1), which allowed the simultaneous irradiation of
238uo2, 27AI and 232jhO2, as the proton beam was
not affected significantly by the targets themselves.
Each actinide target consisted of - 240 mg of micro-
spheres (-0.3 mm in diameter). The use of aluminium
as fluence monitor via measurement of the Na-22
^activity from the 27AI(p,x)22Na reaction made it pos-
sible to obtained more objective results for the indi-
vidual yields. During a 63-hour long irradiation a total
fluence of (4.19 ± 0.07)-1019 p/cm2 was achieved.

Approximately 95% of each irradiated actinide target
was dissolved and diluted with HNO3 for the different
analysis methods. The rest was directly used for ad-
ditional ^measurements. To date, mass spectrometry
and y-spectroscopy have been applied to analyse
each actinide target. Initial high-sensitivity TXRF
measurements at the European Synchrotron Radia-
tion Facility at Grenoble in August 1996 revealed that
extra shielding is required in order to protect the de-
tection system against background radiation. Special
AI-Pb-AI sandwich devices are currently under con-
struction for this.

3 MASS-SPECTROMETRIC ANALYSIS OF THE
IRRADIATED SAMPLES

3.1 Prerequisites

The results obtained from the mass-spectrometric
analysis are most important for the verification of cal-
culated isobaric mass yield distributions since they
are, at least for mass numbers < 204, totally inde-
pendent of any model assumptions and rely only on
the experimental accuracy. For each measurement,
the mass spectrum of the irradiated target material
was obtained in parallel to that for unirradiated mate-
rial using identical chemical processing steps. This
procedure revealed that certain mass ranges had to
be excluded due to impurities present in the unirradi-
ated samples. In addition, some other ranges had to
be omitted because of matrix and/or argon ion inter-
ference.

As the expected yield for many of the mass numbers
is close to the detection limit, two compensating ef-
fects need special attention: larger sample concentra-
tions (and hence, larger trace element concentrations)
are in competition with the increasing signal suppres-
sion of trace elements by the larger matrix element
concentration (U and Th). It was shown in a separate
investigation [5] that 0 .1%- 0.3% uranium solutions

gave best detection limits for a large number of trace
elements. To avoid stability problems due to sample
deposition on the cones of the ICP-MS, only small
volumes (280 ul) of 0.1% U and Th solutions were
analysed.

Element-dependent sensitivities were determined by
measuring standard solutions containing the elements
Li, Be, B, Mg, Sc, V, Mn, Co, Cu, Zn, Ga, Ge, As, Se,
Rb, Y, Nb, Rh, Ag, Cd, In, Sb, Te, Cs, La, Pr, Nd, Eu,
Gd, Ho, Tm, Lu, Ir, Pt, Au, Tl, Pb, Bi, Th and U. Due
to their chemical similarity the sensitivities for the lan-
thanides do not vary much (7000 - 8000 counts/sec per
ppb). Generally, for a large part of the periodic table
the sensitivity values are within 30% of those for the
lanthanides. However, the sensitivities of elements
with unusually high and low values may differ by a
factor of 10 to 100. In a 0.1% U solution trace element
signals are suppressed by a factor of 2 and vary by
less than 10% for the set of different trace elements
[5]. In preliminary estimates of the mass distributions,
a global value of 7000 counts/sec per ppb was as-
sumed and a suppression factor of 2 in 0.1% target
solutions was used for all masses.

The fractional contribution of different elements to a
certain mass number is, at the time of measurement,
sufficiently well known from the viewpoint of applying
relative sensitivity corrections. Representative sensi-
tivity values for nearly all the measured mass num-
bers were evaluated from the fractional contributions
of the HETC-calculated components. Some missing
sensitivity values were found by linear interpolation
between those of the nearest known neighbouring
elements and by considering the fact that low sensi-
tivity is usually related to high ionisation potential.
This treatment of element-dependent sensitivity rep-
resents a refinement on the above global values of
7000 counts/sec per ppb.

Detection limits were found to lie usually between
0.003 and 0.03 ppm depending on the background
signals. Only those mass-yield concentrations were
considered which gave a signal at least five times the
standard deviation of the blank (i.e. non-irradiated)
analyte.

3.2 Results

In the mass range 80-160 a large number of nu-
clides are detectable. As expected, the refinement
procedure smoothed the experimental mass-yield
curves. The majority of the fission-product isotope
concentrations determined between mass numbers
~ 70 -170 have individual standard deviations of less
than a factor of 2, only a few deviations being as
much as a factor of 3.

Mass yields between mass numbers 183 and 194
are almost exclusively composed of platinum metals.
Because of their chemical inertness they can only be
partly dissolved. Some species may even sublimate,
e.g the volatile OsO4 oxidation product. Conse-
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UO2 solution (149 d after EOI)
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Fig. 2: Comparison of measured and calculated y-activities of a U-238 solution sample

quently, the measured mass yields could be lower
than their actual values. When calculating the con-
centration, the dominating presence of low-sensitivity
elements around mass number 200 (Au, Hg) results
in low count rates which have to be divided by low
sensitivity values, thus introducing uncertainties which
may be as large as a factor of 3 -5 . Similar argu-
ments hold for mass numbers around 230 with their
dominant Th contribution. Due to impurities or argon
ion interferences, the mass range below mass num-
bers ~ 70 had to be omitted for both targets, and the
range between 165 and 186 is reported only forTh.

4 RESULTS FROM ^-SPECTROSCOPY

The y-spectroscopy method was applied to determine
the experimental proton fluence from the Al-monitor,
as well as to provide qualitative confirmation of the
mass spectrometric results for the uranium and tho-
rium targets.

The 27AI target was geometrically identical to the acti-
nide targets and, as regards the experimental setup,
was exposed to the same fluence. Three measure-
ments of the Na-22 ^-activity at different times gave a
measured fluence value of (4.19 ± 0.07)-1019 p/cm2
with 13.6 mb assumed as the reference cross-section

ThO2 solution (149 d after EOI)
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Fig. 3: Comparison of measured and calculated ^activities of a Th-232 solution sample



28

for the 27AI(p,x)22Na reaction [6]. The indicated un-
certainty corresponds simply to the achieved accu-
racy for the -/-measurement, the error in the assumed
cross-section value not having been considered.

Three y-spectra of solid samples and two of samples
in solution were measured at different times and ana-
lysed for each actinide target, using procedures simi-
lar to those described [1]. Fig. 2 and Fig. 3 show cal-

time. Thus, in this mass range, the experimental iso-
baric production cross-sections can be directly calcu-
lated from mass-spectrometric concentrations by us-
ing the measured proton fluence. For mass numbers
> 203, the isobaric production cross-sections at the
time of irradiation were extrapolated from their values
at measuring time by multiplying them by time-
dependent extrapolation factors obtained from model
calculations.

U-238 Isobaric Production Cross-Sections

1000

° Mass spectrometry
HETC/RAL calculation
Gamma spectroscopy

120 140 160

Mass number A
180 200 220 240

Fig. 4: Comparison of U-238 isobaric production cross-sections deduced from mass and
y-spectroscopic measurements with theoretical values from HETC/RAL

culation/experiment comparisons for U-238 and
Th-232 solution spectra, both taken 149 days after the
end of jrradiation (EOI). The results are broadly con-
sistent with the predictions. They have been used to
provide a qualitative comparison of isobaric produc-
tion cross-sections by employing time-dependent
corrections based on the HETC/RAL and ORIHET4

calculations [1]. They have not, however, been used
for the determination of the total fission cross-
sections, in contrast to the mass spectrometric results
with their much lower dependence on theoretical cor-
rection factors.

5 DEDUCED PRODUCTION AND FISSION
CROSS-SECTIONS

5.1 Isobaric Production Cross-Sections

In the p-decay range for mass numbers < 204, the
cumulative isobaric mass yields do not depend on

4 an adaption of the Oak Ridge isotope generation and
depletion code ORIGEN

As indicated earlier, individual nuclide mass yield
values from measured y-activities can be extrapolated
theoretically to obtain isobaric production cross-
sections. These results, however, are more indirect
than those from mass spectrometric measurements.
They are, nevertheless, useful as confirmatory evi-
dence.

Fig. 4 and Fig. 5 compare the currently obtained ex-
perimental isobaric production cross-sections for
U-238 and Th-232, respectively, with theoretical val-
ues from HETC/RAL calculations.

5.2 Fission Cross-Sections of Uranium and
Thorium

The integral of the isobaric production cross-sections
in the fission-product hump (A<~170) is twice the
fission cross-section of a target nuclide. This fact al-
lows an estimate of the total fission cross-sections for
both actinide targets and a comparison with earlier
measurements.

Numerical integration of the isobaric production cross-
sections deduced from mass spectrometry was per-
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Th-232 Isobaric Production Cross-Sections

V)

Mass spectrometry
— HETC/RAL calculation [ Z

Gamma spectroscopy

120 140 160

Mass number A
180 200 220 240

Fig. 5: Comparison of Th-232 isobaric production cross-sections deduced from mass and
y-spectroscopic measurements with theoretical values from HETC/RAL

formed by first least-squares fitting a Gaussian bell-
shaped curve to each set of observations and then
integrating this curve. Fig. 6 shows the shape of the
fitted curves on a linear scale. The resulting total fis-
sion cross-sections are as high as 2.27 b for U-238
and 1.51 b for Th-232.

Uranium

2.6 times larger than predicted for U-238 and Th-232,
respectively. The mass range below mass number
~ 70 is uncertain and will be the subject of further
investigations.

The ascent to the hump of spallation products
(A > - 170) appears to be shifted towards higher

Thorium

100

140 160 60 80 ' , ; 100 . 120
Mass number

140 160

Fig. 6: Comparison between Gaussian fits to the experimental production cross-sections for individ-
ual fission products (upper curves) and results from HETC/RAL calculations (lower curves)

6 CALCULATION/EXPERIMENT COMPARISONS

In the isobaric production cross-section distributions
deduced from mass spectra (Fig. 4 and Fig. 5), the
general shape and position of the maximum value for
the fission product hump are broadly consistent with
HETC/RAL predictions. The experimental maxima
(taken as maxima of the least-squares fitted bell-
shaped curves) are, however, approximately 2.3 and

masses by about 20 mass units and the dip between
the humps of fission and spallation/evaporation pro-
ducts is shifted to the right and is deeper than pre-
dicted for both targets. There is, however, consider-
able uncertainty in the experimental points in this
mass range as explained in the "mass-spectrometric
analysis" section. We also note that results for ura-
nium are totally absent between mass numbers 166-
186, due to impurities in the unirradiated sample.
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The total experimental fission cross-sections Of de-
duced from integration of the fission-product hump
(2.27 b and 1.51 b for U-238 and Th-232, respec-
tively) are about twice as large as results from the
earlier measurements of Kon'shin et al. [7]. The
HETC/RAL predictions of 1.13 b and 0.789 b for
U-238 and Th-232, respectively, correspond quite well
to their measurements.

As an instructive comparison, a very approximate
estimate of spallation cross-sections is obtained by
integration of the sparse spallation hump. This gives
values of - 0.5 b and ~ 1.4 b as compared to 0.708 b
and 1.014 b from HETC/RAL for U-238 and Th-232,
respectively. These correspond to total inelastic
cross-sections oa of ~ 2.8 b and - 2.9 b as compared
to 1.85 b and 1.82 b from HETC/RAL for U-238 and
Th-232, respectively.

Approximate experimental ratios of fission to total
inelastic interaction cross-sections, Of/oa ("fissility"),
are as high as 0.81 and 0.52 as compared to
HETC/RAL predictions of 0.61 and 0.44 for U-238 and
Th-232, respectively. For both actinides the experi-
mental ratios are about 30% larger than evaluated
by using an empirical relation suggested by
N.A. Perfilov [8].

Work is currently in progress to confirm the large
experimental cross-sections. A recent investigation
based on measured data during and after the irradia-
tion experiment (integrated total beam current, hori-
zontal and vertical beam profiles at various stages of
the irradiation, y-scan along target axis, etc.) has
shown that significant geometric and beam-profile
effects can be excluded. Similarly, the estimated un-
certainty in the fluence evaluation (combination of
the uncertainties of the 7-measurements and the
27AI(p,x)22Na production cross-section) is < 15% and
cannot account for the reported differences by a fac-
tor of ~ 2. We are seeking more information from ad-
ditional mass-spectrometric measurements in se-
lected ranges (< 70, 180 - 210, > 226) and from TXRF
measurements planned for early 1997.

the ICP-MS measurements have been found to be
broadly consistent with those deduced from y-spectra.
The latter, however, are more dependent on model
assumptions than were the former.

The shape of the experimental isobaric production
cross-sections broadly corresponds to the curves
calculated by HETC/RAL. The fission hump, however,
was found to be larger than predicted, and the spalla-
tion hump appeared shifted towards higher mass
numbers. The predicted differences between U-238
and Th-232 in the fission-product region are reflected
in the experimental results. The same may be said for
the spallation hump region, but experimental uncer-
tainties are larger in this case.

Total fission cross-sections deduced from integration
of the fission humps, for both U-238 and Th-232, are
about twice as large as predicted values and results
obtained in earlier experiments. A significant under-
estimate of the experimental fluence, however, due to
geometric and beam-profile effects can be ruled out,
and further investigations are underway.

The purpose of the irradiation experiment was to pro-
vide experimental mass-yield data for the validation of
high-energy fission models in nucleon-meson trans-
port codes. This aim is fulfilled for the range of fission
products (-70 < A < -170). In the range of spallation
products (A>~170) and for low mass numbers
(A < -70), however, the uncertainties are large and
more measurements are necessary. In addition, the
tendency to larger production cross-sections in the
fission hump should be confirmed by further irradia-
tion experiments including other actinides.
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7 CONCLUSIONS

A dedicated ATHENA irradiation has provided appro-
priate conditions for applying various experimental
methods to the analysis of irradiated uranium and
thorium thin targets. The use of an irradiation head
with three targets enabled direct monitoring of the
proton fluence with aluminium to provide a standard.
The deduction of absolute production cross-sections
is thus possible.

Inductively coupled plasma mass spectrometry has,
for the first time, successfully been applied for ob-
taining isobaric fission and spallation product yields.
Certain mass ranges were difficult to measure (< 70,
180-210, > 226) and need further investigation. Iso-
baric production cross-section values evaluated from
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BOILING WATER REACTOR STABILITY ANALYSIS - A CHALLENGE FOR THE STUDY OF
COMPLEX NONLINEAR DYNAMICAL SYSTEMS

D. Hennig

In Boiling Water Reactors, there is a region in the operating map for which the reactor exhibits stable or
unstable power oscillations. This oscillatory behaviour had to be understood in detail, in order to estimate,
in a reliable way, the stability limits. This paper describes the BWR stability analysis methodology used at
PSI and presents some recent results.

1 INTRODUCTION - THE PHYSICAL PROBLEM

Nuclear power plants (NPP) with light water reactors
are complex engineered systems having in general
negative feedback, due to the negative reactivity co-
efficients. This means that they are systems with sta-
ble operating points (stable fixed points), the steady
states. In contrast, positive feedback coefficients
would lead to unstable operating points; in this case
the thermal reactor power could exponentially in-
crease, resulting in core failure.

From theoretical and experimental studies it is how-
ever well known that for a Boiling Water Reactor
(BWR) plant with negative reactivity coefficients there
exist operating points with damped or undamped
power oscillations (see e.g. [1]). In 1988 a dual recir-
culation pump trip occurred at LaSalle County Station
(unit 2) which ultimately resulted in power oscillations
[2]. The power oscillations appeared as a result of
coolant mass flow reduction, low feedwater tempera-
ture caused by feedwater preheater isolation, and an
axial power distribution peculiar to unstable operating
points. A detailed analysis shows that in the operating
point characteristic of a BWR, the power-flow map
(Fig. 1.1) [3], there is an area which must be excluded
from normal plant operation because of the possibility
of exciting spontaneous power oscillations (in Fig. 1.1,
the "avoidance area").

For safety reasons an extended region is defined (in
Fig. 1.1, the "monitoring area") which must be moni-
tored by on-line measurements of the pertinent stabil-
ity parameter.

Therefore, in a BWR, operating points outside of the
defined stability area limits are excluded by a suitable
monitoring system, so that from the nuclear safety
point of view the problem of BWR stability is secon-
dary. However, from a general point of view, we can
not claim to have solved nuclear and thermal-
hydraulic design problems associated with plant sta-
bility unless the plant's reactions are fully understood.
A particular area of concern is near stability or insta-
bility (e.g. the case of ATWS events). Ultimately we
have to be able to predict all significant consequences
related to stability (like fuel element failure) for all
operating points.

From a theoretical point of view the BWR is a non-
linear dynamical system and the manifold of the solu-
tions of the system equations includes linearly unsta-
ble states which are nonlinearly stable (limit cycles),
subcritical bifurcations or period-doubling, cascades
of bifurcations and aperiodic (chaotic) states [4].

It is well known from the theory of nonlinear dynamical
systems that, in a close neighborhood of a stable fixed
point, a nonlinear system reacts like a linear one [5].
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Thus, for characterizing the stability properties of a
nonlinear system in a linear stability area we can use
a linear stability characteristic.

However, due to the existence of space-dependent
effects, the BWR stability phenomenon is much more
complex. Besides the in-phase or global oscillations,
so-called local or out-of-phase oscillations [6], [7], [8]
were also observed. In this case higher order neutron
flux modes (harmonics) are excited, in particular the
first azimuthal harmonic. From the safety point of view
it is important that the out-of-phase oscillations for
some cases are appreciably less damped than the
global oscillations [9], [10]. Therefore, it is imperative
to monitor on-line the local power of BWRs.

The task of stability analysis in the narrow sense is to
estimate the global and local stability characteristics
in a reliable manner, and to define the stability limits
in the power-flow map. The task of the stability analy-
sis in a broad sense is, beyond the linear stability limit
estimation, the study of the system behaviour in the
linear unstable but nonlinear stable area (limit cycle
oscillation) and in the nonlinear unstable area [4], [6].
Furthermore, the physical mechanisms which gener-
ate power oscillations should be analyzed in more
detail. Although many publications in this field have
appeared in recent years, we still do not understand
the BWR stability phenomenon in all details. There-
fore, BWR stability analysis was included as a re-
search task in the PSI project STARS II.

2 STABILITY OF DYNAMICAL SYSTEMS

Stability is a term which deals with the temporal be-
haviour of a dynamic system following internal or ex-
ternal disturbances during operation of the system.
After a disturbance a system may behave in a stable
or unstable way.

Loosely speaking, in the stable case the dynamical
variables of the system return to their steady-state
values; geometrically, that means in the space of the
state variables, the state space, the system returns to
the stable fixed point or, more generally, the state
space variables remain in a close neighborhood of the
phase space attractor.

In the unstable case, all or some of the dynamical
variables diverge in an exponential or oscillatory
manner.

In mathematical terms (see e.g. [11 ], [12]) — = f(x)
dt

is the nonlinear differential equation for an autono-
mous system. f(x) satisfies a Lipschitz condition and
f(0) = 0, x satisfies the initial condition x (0) = 0 (0 =
zero vector), that means the origin should be a
steady-state point and x (t) - 0 is a unique solution of
this system.

Now let us introduce a small disturbance at time t = 0,
x (t=0) = x0.

Then (see e.g. [11]):

The steady-state point at the origin is stable if, for a

given e > 0, there exists S(e) > 0 such that || *o|| < S(e)

implies <efor f > 0 (Ljapunov).

|| x I is the Euclidean norm of the deviation state vari-
able x (t). The above criterion defines the so-called
stability "in the small" because we allowed only small
parameter perturbations. Note that by this definition it
is not required that the state variables ever return to
the steady-state. If they do in infinite time, we define a
solution x (t) as asymptotically stable if there exists a
fixed 5>0 such that | x(f) | -> 0 as f-> «, for ||x(0)||<<5.

It is well-known that an oscillatory unstable response
to small parameter perturbations of a dynamical sys-
tem with feedback (servo system) is possible. Recall
from section 1 that it is also well-known that a nonlin-
ear system reacts as a linear one in a close neighbor-
hood of a steady-state (stable fixed) point [5]. There-
fore the magnitude of the perturbation in some case is
important and the system reacts linearly or nonlinearly
depending on the magnitude of the perturbation. Sta-
bility due to a small perturbation is called linear stabil-
ity. In this case we may linearize the system equa-
tions and search for the conditions of linear stability
limits of the system. A linear unstable system may be
nonlinear stable (e.g. limit cycle).

Let us develop a linear stability criterion for the case
of the point kinetic reactor with linear feedback: (usual
notation, see [13]):

k{p(t)]-i}P(t)+(L / p)

where k - p/p (reactivity), k[P}= linear functional of
power, feedback term, kext external reactivity;

k[P]= idu F(u)P(t-u): linear feedback reactivity,
0

c, = — P(7,)+A,c,, L = neutron generation time;

P(t) = thermal power, c, = delayed neutron precursor
concentration. We want to analyse this point kinetic
system close to the stable steady-state point Po under
a small perturbation of kext = Sk(t). We linearize this
system by representing P(t) through P(t) = Po + 8p(t)
and take the Laplace transform to obtain

Z(s)Sk(s)Sp(s)/P0 =

(s = complex Laplace variable),

F(s) = L{F(u)}, Z(S)=
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Z(s) = Zero power transfer function;

Z(s)
T(s) =

1-P0F(s)Z(s)
this system.

is called the transfer function of

For a Dirac impulse perturbation input 8k(t) = S(t),
L{8(t)} = 1 and 5p(s)/P0 = T(s), that means a linear
system is characterized by the impulse response or
transfer function T(s).

The transfer function for a system described by a
linear differential equation with constant coefficients
like the linearized point kinetic equation system can
be written as a ratio of two polynomials

V(s) =
+• • • bms™

m>n

(S-Zo)(S-Z1)---(S-Zn)
or T(s)=A

For back-transformation in the time domain by the
residue theorem of the theory of complex functions,
the complex poles p, = Cj + idj play the most important
role. They are the roots of the so-called characteristic
equation

(s-po)(s-p1)---(s-pm) = O

(This is equivalent to: 1- Po F(s)Z(s) = 0).

Since L'1 {Sp(s)} = 5p(t) =£dj exp (pjt), a linear system
is stable if the Real (py) < 0, or: the poles of the
transfer function lie on the left-hand side of the
complex plane.

For simplicity we considered time-continuous systems
for this stability criterion development.

Actually, we have to work with time-discontinuous
systems and we have to use the z transform rather
than the Laplace transform. This means that the left
half of the s plane is mapped inside the unit circle.
Therefore, a time-discrete system is stable if the
poles lie inside the unit circle of the z plane [14],
[27].

From the above criterion we can develop a simple
stability characteristic for the oscillatory stability be-
haviour, the so called "Decay Ratio" (DR):
DR=exp(-£on£T) [8], where T= period of damped
oscillation, £ = damping factor, and (on = the eigen-
frequency of the system, which is determined by the
dominant system time constant. The asymptotic value
of the DR is computed from the least damped oscilla-
tion, i.e. in practice we search for the complex pole
lying nearest to the unit circle.

Note that we could also use a different linear stability
criterion, e.g. the Nyquist criterion [11], but the DR
determination for the least damped oscillation is the
usual one in BWR stability analysis.

The nonlinear stability problem is more complicated
because of the structure of the solution manifold of
the nonlinear equations. For nonlinear oscillatory
systems we can find subcritical bifurcations or bifur-
cation cascades and an aperiodic behaviour. This is
due to the existence of strange attractors. In chapter 3
we will give an example related to this problem.

3 PHYSICAL MECHANISM GENERATING
POWER OSCILLATIONS.

Due to the close coupling of neutron physics
(neutronic) and thermal-hydraulic effects we have to
expect unstable states of different types for a dynamic
system with such a highly nonlinear feedback. Fig. 3.1
shows a scheme of the possible physical effects
which excite stable or unstable power oscillations
[15].

In Fig. 3.1 we see three loops, respectively called the
direct loop, the indirect loop and the density wave
loop.
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Fig. 3.1: Physical feedback mechanisms exciting
stable or unstable power oscillations

The direct loop is represented by a dynamic system
including a neutronic model, a model for fuel heat
transport and a model for the void reactivity behav-
iour. Such a type of model was published early in the
middle of the eighties [6], [16] and was also studied at
PSI [17]. We confirmed the complex nonlinear be-
haviour of this reduced order model by many numeri-
cal experiments (e.g. Fig. 3.2 and 3.3). In this model
the fuel transfer time constant and a second order
void reactivity model are included. The neutronic
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process is represented by a point kinetic model with
one effective group of delayed neutrons. The equa-
tions for this simple model are (with usual notations
[16]) given below as equations (3.1-3.6).

We investigated this system as based on the critical
parameter variation behaviour K(a3) [17]. We found
stable fixed points (Fig. 3.2), limit cycles (Fig. 3.3),
period-doubling and cascades of period doubling [17].

Figure X2a : BWR reduced order model, crlLpramcter K=0.9
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Fig. 3.2: Reduced order model, stable fixed point [17]

at

dT(t)
dt

= Axn(t)-BxT(t),

dPa{t)
dt

= z(t)

dz(t)
dt

+a1xz(t)+azxpa=a3xT(t),

p(t)=pa

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

Fig. 3.3: Reduced order model, limit cycle [17]

The indirect loop model in Fig. 3.1 is an extension of
the direct loop model obtained by including the mo-
mentum equation of the single and two-phase flow of
the coolant. In this frame we take into account the
pressure drop change 8(Ap) due to the steam genera-
tion and the mass flow rate change, which is due to
8(Ap). Due to the flow rate change the void fraction is
changed and time-shifted by the hydraulic time con-
stants; eventually, the original reactivity perturbation
is attenuated or enhanced, depending on the time
shift and the magnitude of the void reactivity coeffi-
cient.

The density-wave loop represents a purely thermal-
hydraulic feedback effect [18], [19], [20]. From the
BWR stability analysis point of view we are interested
in two types of density-wave instabilities, the parallel-
channel instability and the loop instability.
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The parallel-channel instability is a result of the
constant pressure drop boundary condition for the
reactor core which is realized in a BWR core because
of the large number of fuel elements and the large
lower and upper plenum volumes. Variations of the
density in the bottom parts of the core channel travel
upwards with the mass flow. If the inlet flow velocity is
decreased by a small perturbation Sv there is an in-
crease of the void fraction which will travel upwards
as a concentration wave. The void produces an in-
crease of the two-phase pressure drop and for
5(Ap)=Q a hydraulic feedback is generated which re-
duces the single channel pressure drop. Therefore, in
a BWR we have a separate thermal-hydraulic feed-
back loop (Fig. 3.4: for more detailed schemes see
[18], [20]).

5APsing

5v

5 (APsing)

5v
5(Ap)=0

5v,(feedback)

-1

8v
5APtwo=-8APsing

Fig. 3.4: Density wave loop [19]

For a particular timing, the phase shift of the perturba-
tions is suitable to generate self-sustained density-
wave oscillations [19].

For a detailed discussion of the loop instabilities see
[18], p.282ff. The loop pressure drop boundary condi-
tion 8(Ap)L =const.=0 excites global or in-phase power
oscillations, whereas the parallel channel boundary
condition (sometimes called internal core boundary
condition) excites both global and (for given specified
conditions) local or out-of-phase oscillations. For out-
of-phase oscillations the total core inlet flow is con-
stant because the two oscillating core regions adjust
their flow to maintain the constant core pressure drop.
Note that the first harmonic flux is a subcritical mode
(subcritical in the neutronics sense) and tends to
damp out these oscillations. On the other hand, if the
thermal hydraulic feedback (void) gain component
reaches a critical magnitude, the threshold sub-
criticality can be exceeded and the out-of-phase neu-
tron flux mode becomes linear unstable (also for sta-
ble in-phase oscillations !).

4 STABILITY ANALYSIS: PSI METHODOLOGY

The PSI stability analysis methodology [21] (Fig. 4.1)
is based on the Scandpower system code RAMONA-
3.5 (3D core model) [24], [25], [26]. The nuclear pa-
rameters are calculated by CASMO-3 [22] and con-
verted to the RAMONA format using the Scandpower
codes CONVERT and POLGEN, which generate the
cross-section fit polynomials (the cross-sections are

functions of the history reactor parameters such as
burnup and void history and instantaneous reactor
parameters such as void and fuel temperature). From
the experimental or predicted time series we calculate
the Decay Ratio (DR) at the so-called "Natural" reac-
tor Frequency (NF), i.e. we calculate a linear stability
characteristic. By this approach we are able to find for
a given DR magnitude criterion the areas to be ex-
cluded and to be to monitored in a BWR power flow
map. For the time signal analysis we use the powerful
mathematical programming package MATLAB [23].

CASMO-3, vers. 4.7
NPP model data

CONVERT

RECORD files

POLGEN Signal

RAMONA-3.5

^ •

analysis (MATLAB)

Fig. 4.1: PSI methodology for BWR stability analysis

4.1 RAMONA model

The RAMONA computer code describes the coupled
thermal-hydraulics and 3D reactor kinetics behaviour.
The 3D neutronic model is described in [24].

The thermal-hydraulic model of RAMONA is based on
a 4 equation model [24], [25]:
- vapour mass balance,
- mixture mass balance,
- mixture energy equation,
- mixture momentum balance
and the related constitutive equations.

Reactivity Power

Neutron dynamics

The energy balance in the fuel regi m yle de

the heat transferred to (he core co ilant

Fuel dynamics

Void reactivity From energy and continuity bal ance equations
cofficlsnt enthalpie and therefore the volt

Momentum equation yields
given cc re pressi

Cora Thermohydraulic

dynamics

we get the core
distribution In the core

the|core mass flow distribution^ for th>
lure drop)

Direct heat

Outlet pressure Core Inlet flow

Recirculation-loop momentum < equation yields the core Inlet flow

Fig. 4.2: Stability-relevant physical effects
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This model includes two essential assumptions
- grad p(r,t)=O in the energy equation, i.e. local varia-

tions of system pressure are ignored (or, acoustic
effects are neglected).

- The vapour is assumed to be at saturation, but the
liquid in the two-phase mixture can depart from the
saturated conditions.

Based on the first assumption, the momentum equa-
tion was integrated along a closed contour including
one hydraulic channel and the other 6 RAMONA plant
model components: lower plenum (LP 1 and 2), upper
plenum, riser, downcomer (DC) 1 and 2 (see Fig. 4.4).
This results in 648 closed integration paths for the
Leibstadt nuclear power plant KKL.

BWR plant model (schematic)

Water Level

TCV/TSV
•• Turbine

216 grodC, 1629 kgte

Redrculation Flow

Recirculatlon Pump

') all values for nominal
conditions /3oV

Fig. 4.3: BWR plant model
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The nonlinear RAMONA model includes all the equa-
tions and boundary conditions that are necessary for
simulation of the linear and nonlinear BWR stability
behaviour (Fig. 4.2).

Preparing a RAMONA input deck requires the map-
ping of the stability-relevant components (Fig. 4.3) of
a BWR power plant onto a RAMONA model (Fig. 4.4).

4.2 Time series analysis [27]

The results of a computational or experimental BWR
system analysis relating to the stability behaviour of
this dynamic system are time series of local and
global reactor parameters, particularly of the local in-
core monitors: Local Power Range Monitors, (LPRM)
and Average Power Range Monitors (APRM). The
latter consist of several connected LPRMs whose
values are averaged. The 35x4 (4 axial positions)
detector positions (KKL) distributed over the reactor
core are shown in Fig. 4.5.

1 3 S 7 e I I I ) 1» 21 23 25 27 M JO

Instrument tube
number

Fig. 4.4: RAMONA BWR model

1 J 5 7 » 11 13 19 17 1t 21 23 2S 27 M H

Fig. 4.5: LPRM core position

The task is to analyze the predicted or measured
APRM and LPRM time series generated by an arbi-
trary reactor perturbation. The analysis involves the
calculation of the stability characteristics (e.g. DR and
NF) from the power time series and possibly other
parameter time series (univariate or multivariate sig-
nal analysis).

A dynamic system is described by a partial or ordinary
differential equation. When performing signal analysis
we have to construct a dynamic system by analysis of
discontinuous time series such as

{y(kT),y((k-:)T),y((k-2)T),-y((k-n)T)}.

T is called the sampling interval and f=1/Tthe sam-
pling frequency. In the time-discontinuous case the
dynamic system is described by a difference equation
or a system of difference equations,
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A(q)y(kT) = B(q)u(kT) + C(q)e{kT)

A(q) = 1 +

B(q) = 1 +

C(q) = 1 +

-i + a2q-2 +
-i + b2q-2 +
-1 +c2q~2 +

• + anaq-

+ cn

where q is the time shift operator:
q-iy(kT) = y((/r-1)T), y(kT) = system output signal,
u(kT) = system input signal (time delays omitted), and
e(kT) = a stochastic noise process. [an\na {bn\nb {cn\nc

are characteristic system constants. A dynamic sys-
tem characterized by the above equation system is
called an ARMAX system (from Auto Regressive
Moving Average system with an extra input [28]). In
the frame of the task of the time series analysis we
know a system output y(kT) (or an output vector
y(kT)) (k = 1, 2,-K) and we search for a dynamic
system

-1)) - a2y(k-2{T)) -

c2e((k-2)T) +

y{kT) = -

+ e(kT) +

This means that we assume this time series to be
generated by a stochastic process

nc

C(q)e(kT) - ^cnq~ne(kT) (coloured noise)
n=0

For C(q) = 1, the dynamical process is called an au-
toregressive (AR) process and for A(q) = 1 we call
y(kT) a pure moving average (MA) process, otherwise
it is a mixed autoregressive/moving average process
(ARMA).

In [27], sect. 2.2, we justify the use of ARMA models
for our time series analysis. The process of fitting an
ARMA model to measured or predicted data involved
two tasks (see [28] and references in [27]) :

- the estimation of the model parameters and

- the determination of the model order {a, c,}.

Whereas for the model parameter estimation well-
known algorithms [28] are available, the model order
estimation for ARMA models is not a problem satis-
factorily solved from the mathematical point of view in
the frame of our methodology (for AR models see e.g.
[29]). We developed a MATLAB code for the calcula-
tion of the DR and NF from an ARMA model [27] in-
cluding a model order determination approach rec-
ommended by Vattenfall [30]. This code is validated
by comparison of estimated DRs and NFs from ex-
perimental time series (Table 4.1).

For the calculation of the out-of-phase DRs we use
a methodology proposed by van der Hagen [31]:
We interpret an APRM signal as a mixture of a
global and a local oscillation signal contribution
5&r/&r,0= l(t) + O(t). If the reactor core is oscillating
in an out-of-phase mode, we can take the difference
of two signals of LPRMs positioned opposite each

other relative to the core symmetry line
8&i/&tt0 = l(t) + O(t) and t W V ^ o = l(t) - pO(t); then
we have approximately 8®-\/&\ o - <5dVtf£,o =(1 +P)O(Q
(the factor p is not significant for signal analysis).

Oft) is a sharp out-of-phase oscillation amplitude suit-
able for reliable time signal analysis.

Comparison of DRs estimated from the measured
time series by Vattenfall [33] and PSI [27]

(cycle,
case)

16/1

16/2

16/3

16/4

16/4

16/5

16/6

16/7

16/8

16/9

16/10

16.11

DR
[27]

0.58

0.55

0.68

0.67

0.71

0.69

0.79

0.76

0.86

0.87

0.66

0.68

NF
[27]

0.48

0.44

0.47

0.49

0.51

0.49

0.48

0.49

0.48

0.48

0.49

0.48

DR
[33]

0.54

0.54

0.69

0.71

0.67

0.79

0.72

0.82

0.87

0.65

0.66

NF
[33]

0.48

0.48

0.47

0.52

0.49

0.49

0.50

0.49

0.48

0.50

0.48

Table 4.1: Decay Ratio comparison

The 1 a-uncertainties for the model order estimation
are given by Vattenfall as [33], [21] (Table 4.2):

DR

0.2
0.4
0.6
0.8

Uncertainty

± 0.15
± 0.09
± 0.07
± 0.05

Table 4.2: Model order uncertainties [33]

5 SOME RESULTS

5.1 Ringhals 1

The methodology described was validated by partici-
pation in an international BWR stability benchmark
[21], [30], [32]. The PSI results are in good agreement
with experimental results [21], [33] (Fig. 5.1).

In the course of this benchmark work we have calcu-
lated the stability characteristics of 35 Ringhals 1
operating points for the 4 fuel cycles 14, 15, 16 and
17 (the study for cycles 16 and 17 was a "blind" type
exercise). In Fig. 5.1 the predicted versus experimen-
tal global DRs are shown.
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In Fig. 5.2 we show the DR uncertainties (cycle 16
results only) coming from the RAMONA input data
uncertainties (1a) estimated by ABB/Scandpower as
a result of a conservative uncertainty analysis [34].

NEA Stability Benchmark, Ringhals, Comparison experimental and calculated results

0 1 0 2 0 3 0 4 0,5 0 6 0.7 0
Measured Decay Ratio

8 0.9 1

Fig. 5.1: NPP Ringhals 1, Global DR's

NEA Stability Benchmark, Ringhals.PSI results Cycle 1«

iJ-2-

Islgma DH Uncertainty from Scandpower: 0.12

0.3 0.4 0 5 0.6 0.7
Measured Decay Ratio

Fig. 5.2: NPP Ringhals 1, DR uncertainties

Note that the uncertainties shown in Fig. 5.2 as error
bars are a result of this conservative approach. In [33]
a maximal standard deviation of the DR of ± 0.1 for
DRs larger than -0.4 was given. The DR uncertainty
for DR -0.2 is very large because of the large model
order uncertainty. The experimental uncertainties are
given primarily by the model order uncertainties
(Table 4.2) which are not shown in Fig. 5.2. A ranking
of the model parameters relative to their importance
for stability results is given in [33] (see also [6], [10]).

For some operating points we found an out-of-phase
oscillation mode (Figs. 5.3, 5.4).

In Fig. 5.4 we see a phase diagram which shows the
phase shift of the time series on all detector positions
related to the reference phase (detector 1 signal),
where the angle of the arrow indicates the phase shift.
Clearly we can recognize the west-east core symme-
try line. If we compare the global and local DRs for
this case, DR (global): 0.69, NF=0.52 Hz; DR (local) =
1.00, NF=0.51, we confirm our assumption about

more unstable out-of-phase oscillations. Due, how-
ever, to the relatively small oscillation amplitude in
this case, no safety limits are reached. One of the
important results of the NEA stability benchmark task
is the conclusion that reduction of the uncertainty of
the local DR estimation is the first priority of the fur-
ther development [33].

NEA Stability Benchmark, Rlnghals,Cycto 14,case9,Out-ol phase oscillations

5 10 15 20 25 30 35 40 45 50

Fig. 5.3: NPP Ringhals 1, local oscillations
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Fig. 5.4: NPP Ringhals 1, phase shift diagram

5.2 NPP Leibstadt (KKL) [36]

For KKL we analyzed 4 operating points of cycle 10
[35] (designated as "rec xxxx" in the following):

1. Operating point of time 15.31, 67.7% power,
45.4% coolant mass flow (red 531)

2. Operating point of time 17.14, 61.3% power,
40.1% coolant mass flow (red 714)

3. Operating point of time 19.43, 58.6% power,
35.9% coolant mass flow(rec1943)

4. Operating point of time 21.09, 42.9% power,
28.3% coolant mass flow (rec2109)

We got from KKL the actual reactor data for each
operating point, e.g. the burnup and Xe distributions.
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First we analyzed the measured data by our time sig-
nal analysis code and found a very good agreement
between the results of ABB [37] and PSI (Table 5.1).
Columns 1 and 2 of Table 5.1 show the results of the
analysis of the experimental APRM time signals [36]
(see also references in [36]).

Record

1531

1714

1943

2109

Global
DR/NF from

experim.
time series

(PSI)

0.45 / 0.59

0.56 / 0.54

0.60/0.51

0.97 / 0.47

Global
DR/NF from

experim.
time series

(ABB)

0.44 / 0.60

0.53/0.54

0.65/0.50

0.97 / 0.47

Predicted
DR/NF PSI

0.47 / 0.55

0.53/0.52

0.58 / 0.50

0.92 / 0.40

Table 5.1: KKL, stability analysis results [35], [36]

Figs. 5.5 and 5.6 show a measured APRM time se-
ries, the power spectrum (that means the Fourier-
transformed autocorrelation function of the time sig-
nal) and the impulse response of the ARMA model
including the power spectrum.

45,

40

APRM A Raw Data n Time(in seconds)

< 3 5

S 30

a.
< 25

l i L___JLV

i i i
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TIME/s

P M - X Power Spectral Density

1000 1200

10 wsmmnsmmmmim

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency/Hz

Fig. 5.5: KKL, measured time series, rec2109

The predicted results (column 4 in Table 5.1) are very
satisfying when compared with the experimental re-
sults. But we found that the rec2109 is very prob-
lematic and from the physical mechanism point of
view a very interesting item for this study. In Fig. 5.5
we see a small amplitude oscillation (2-4%) [37], and
we have to choose a particular perturbation type to
find the experimental observed power oscillations
close to a limit cycle. In this case, we first investigated
the thermal-hydraulic channel stability by turning off
the reactivity feedback [36].

015

0,1

0.05

0

-0.05

Impulse Response at the times CL.imptime sec

DR=0.97 Nf=0.47Hi

A/to

0 10 20 30 40 50 60 70

Pxx - X Power Spectral Density

\Jr -
i i

0 0.5 1 1.5 2 2.5 3 3,5 4 4.5 5
Frequency / Hi

Fig. 5.6: KKL, impulse response of ARMA model

We are able to show that no density wave oscillations
are excited in the boiling channels, which means that
the physical mechanisms which generated nearly
linearly unstable power oscillations ("nearly linearly
unstable" means the DR is close to 1) in this operat-
ing point are due to the direct and indirect loop
mechanisms in Fig. 3.1. Because of this high thermal-
hydraulic stability we had to disturb this system by a
small movement of a control rod in order to excite the
small amplitude oscillation. As a consequence of this
perturbation type (we moved two control rods in the
north and south halves of the core about 30cm in
opposite direction) we found the results shown in
Figs. 5.7 and 5.8.
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Fig. 5.7: KKL, predicted time series
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(10-KKL,c10,rec2109, ARRM1 signaljmpulse Response (from ARMA model)
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Fig. 5.8: KKL, impulse response of ARMA model

6 SUMMARY AND CONCLUSIONS

- The PSI BWR stability analysis methodology was
validated against experimental results.

- For Ringhals 1 NPP we studied the reactor at op-
erating points with global and local (out-of-phase)
power oscillations.

- The maximum uncertainty of the predicted linear
stability characteristic, the Decay Ratio, for global
oscillations for Ringhals 1 NPP was found to be
about 16% (this is in line with the results of a con-
servative ABB/Scandpower stability analysis
study).

- The maximal relative deviation of the predicted
results of the 4 operating points of KKLdO from
the experimental results was found to be 8%.

- The estimation of the DRs of the out-of-phase
oscillations should be improved (the standard de-
viation of these regional DRs is nearly 0.14 [32]).

- The uncertainty analyses for the global and local
linear stability characteristics are to continue. Par-
ticularly the impact of a more detailed hydraulic
component nodalization should be checked.

- The model order estimation of an ARMA model is
not yet satisfactory from the mathematical point of
view.

- We should understand in more detail the physical
mechanisms underlying BWR instability behaviour,
e.g.:

1. Under precisely which operating conditions
should we expect oscillatory stable/unstable
behaviour.

2. Under which neutron-physical and thermal-
hydraulic conditions should we expect higher
neutron flux harmonics to be excited.

- We should understand the nonlinear BWR stability
behaviour in greater detail.
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THE FIRST LINX-2 TESTS

F. de Cachard, S. Lomperski, G.R. Monauni

An experimental programme was performed in the LINX-2 facility to assess the performance of the ther-
mal hydraulic design of a proposed containment condenser. This component is part of a double, concrete
containment proposed by ENEL (the Italian Electricity Company) as a European alternative to the West-
inghouse AP600 single-shell metallic containment. The LINX-2 test section corresponds to the preliminary
design of one of the sixteen condenser units, and has a heat transfer surface scaled 1:25. It is a compact
finned-tube heat exchanger with steam condensation outside the tubes and water evaporation inside. The
LINX-2 tests were performed under controlled forced-flow conditions covering the range expected in the
containment. The effects of pressure, flowrate, non condensable fraction, and coolant temperature on
heat transfer performance were investigated. These tests complemented natural circulation experiments
performed by ENEL, and the data were used to optimise the condenser design.

1 GENERAL FRAMEWORK: LINX PROJECT

Advanced Light Water Reactors (ALWR) under de-
sign in various countries will typically include Passive
Containment Cooling Systems (PCCS). The LINX
(large-scale investigation of natural circulation, con-
densation and mixing processes) project dealt with
mixing and condensation processes involved in these
systems. More specifically, issues relevant to the
General Electric Simplified Boiling Water Reactor
(SBWR) and a European version of the Westinghouse
Advanced Pressurised Water Reactor (AP-600) con-
cepts were addressed [1]. The results of these studies
are, however, of general interest for all passive con-
tainment cooling concepts. Among other analytical
and experimental activities, the LINX project included
the construction of the LINX-2 facility and a series of
AP-600 related tests. This test campaign, which con-
stitutes the subject of this paper, was launched in
1994 as a joint activity with ENEL (the Italian Electric-
ity Company) and involved a PCCS proposed for the
European version of the Westinghouse AP-600 [2].
The tests have been performed in 1996.

2 ENEL INNOVATIVE CONTAINMENT COOLING

2.1 Passive Containment Cooling System (PCCS)

The European Utility Requirements for future reactors
(EUR), which are under development, ask for a rug-
ged containment, able to mitigate external hazards
(airplane crash and pressure wave) and hypothetical
severe accidents involving core melt. One of the pref-
ered containment configurations for European future
plants is the double concrete containment. The ENEL
project consists of a double-envelope concrete con-
tainment for the European version of the AP-600
rather than the original metallic envelope contain-
ment. In the event of a Loss of Coolant Accident
(LOCA), when steam escaping from the reactor pres-
sure vessel heats and pressurizes the containment
atmosphere, a concrete containment would not be
able, as a metallic one is able, to conduct heat to the
environment to reduce the containment pressure.

Thus the proposed PCCS for the European AP-600
employs condensers deployed within the containment
to condense steam generated during the LOCA and
to reduce the pressure. The heat is transmitted to the
environment through an intermediate loop which
penetrates into the containment (Fig. 1). The con-
denser consists of a bundle of 112 finned tubes ori-
ented at 25° incline, and is surrounded by a duct to
promote a natural circulation draft of air and steam
through the condenser tubes. The heat of condensa-
tion is transferred to a steam-water mixture flowing
through the tubes in a closed, natural circulation
thermosiphon loop. This intermediate loop passes
through the concrete walls, and is cooled by a second
heat exchanger located on top of the containment
building. Heat exchange to the environment takes
place in a hybrid cooling tower that combines a water
pool and natural draft cooling tower.

The use of finned tubes in a condensing heat ex-
changer is not common. It allows reduction in con-
denser size, but raises some physical problems such
as the non-condensable gas / condensate distribu-
tions between / along the fins. Accumulation of non-
condensables and condensate along the fins might
degrade condenser performance.

2.2 Internal heat exchanger tests at PSI

The heat removal capacity of the condenser depends
both on the natural circulation conditions in the con-
tainment and on the efficiency of the condenser itself.
Unfortunately, it is not possible to separate these two
effects in natural circulation experiments. In particular,
the gas velocity through the condenser tube bundle
cannot be independently controlled. Therefore, in
addition to tests performed by ENEL with natural cir-
culation, a reduced-scale condenser was tested in the
LINX-2 facility under controlled forced-flow conditions.
The investigation included the effects of pressure,
flow rate, non-condensable fraction and coolant tem-
perature on heat transfer efficiency. The results of
these tests are used to optimise the finned condenser
design and to improve computational models of con-
densation heat transfer in similar geometries.
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Fig. 1: The Passive Containment Cooling System
(PCCS) proposed by ENEL for a European
version of the Westinghouse AP600, with a
double concrete containment.

3 THE LINX-2 FACILITY

3.1 Basic capabilities

The LINX-2 facility is a multipurpose, medium-scale
experimental setup used for a variety of experiments.
The facility consists of a large pressure vessel (3.5 m
high, 2 m diameter) rated at 10 bars and 250°C.
Regulated steam injection into the vessel can be pro-
vided over the range of 10-120 kg/h, and for air injec-
tion between 0.1 and 75 kg/h. External heating and
cooling systems are available for system conditioning,
and these have heating and cooling powers of 140
and 120 kW, respectively.

3.2 Configuration for internal condenser tests

Construction and instrumentation of the LINX-2 facility
were completed in 1994. In 1995, the LINX-2 facility
(which was then ready for the SBWR-related experi-
ments) was modified for the passive European PWR-
related tests and the SBWR experiments were post-
poned. During this time a gas recirculation loop was
added to generate forced recirculation through the test
condenser. An external, natural circulation two-phase
loop for cooling the condenser was also constructed,
thus simulating the intermediate loop. The modified
LINX-2 set-up was commissioned in 1995 and the PWR
PCCS-related experiments were performed in 1996.

A scheme of the modified LINX-2 facility is given in
Fig. 2. The test condenser is enclosed in the LINX-2
pressure vessel. During the tests, a steam/air mix-
ture is injected at the top of the vessel and forced to
flow downwards through the condenser. A horizontal
screen placed between the condenser's outer casing
and the vessel wall prevents the steam/air mixture
from by-passing the condenser. A deflection plate
below the flow inlet at the top of the pressure vessel
helps to produce a uniform flow at the condenser
inlet. As the gas mixture passes through the con-
denser, part of the steam condenses, remaining as
condensate at the bottom of the vessel. The remain-
ing portion of the steam/air mixture is recirculated by
the external fan. Droplets carried with the steam are
de-entrained by a separator at the vessel outlet. A
"make-up" steam flow from a steam generator re-
places the condensed steam, and is introduced near
the bottom of the recirculation loop. The steam injec-
tion and gas recirculation piping is electrically heated
to prevent condensation. The test condenser tubes
are internally cooled by boiling water and are con-
nected to a natural-circulation two-phase loop that
discharges the two-phase mixture into a small vessel,
which is positioned about two meters above the main
vessel. Steam entering the small vessel is condensed
by an auxiliary heat exchanger and the condensate
returns to the test condenser. The external secondary
condenser is cooled by water supplied by the LINX-2
external cooling system.

During the internal condenser tests, the "make-up"
steam and recirculated gas flow rates are measured
(F7 and F11 in Fig. 2). In the main vessel, the pres-
sure near the top is measured (PA1), as well as the
gas temperature at the vessel inlet (T35), at the test
condenser inlet (T37) and at several locations near
the test condenser outlet (T24-T33). In the two-phase
cooling loop connecting the secondary heat ex-
changer to the test condenser, the absolute pressure
is measured close to the main vessel inlet (PA5). The
condenser tube inside coolant temperature is ob-
tained from this pressure measurement assuming
saturation. The mass flow rate and temperature in the
external cooling loop are measured (F8, T9) and kept
constant. The temperatures at the secondary heat
exchanger coolant inlet and outlet (T22, T23) are
measured, allowing calculation of heat removal from
this heat exchanger. In addition to the required in-
strumentation, a humidity measurement in the recir-
culation loop using a customised oxygen probe was
developed and used during the tests. This redundant
measurement confirmed the accuracy of the flow rate
measurements and mass balances performed.
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Fig. 2: LINX-2 configuration for ENEL internal heat exchanger tests.

T, PA and F indicate temperature, absolute pressure and flow rate measurements; SV and RV are shut-
off and regulating valves.
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4 INTERNAL HEAT EXCHANGER CHARAC-
TERISATION TESTS

4.1 Test specification

The test section was a mockup of a preliminary ver-
sion of the finned-tube condenser designed by
ANSALDO. Sixteen units are envisioned for the con-
tainment of the European version of the AP-600.

The scaling factor, based on the heat transfer surface,
was 1/25th of a single full-sized unit. Each of the forty
tubes in the test condenser was 860 mm long. The
characteristic parameters commonly used in heat
exchange and fluid flow correlations, i.e. packing
thickness, minimum flow area in the packing and hy-
draulic diameter were conserved.

The reference values for the condenser characterisa-
tion test matrix were obtained by scaling down the
PCCS preliminary design conditions specified by
ENEL. The reference cooling power, 30 kW, repre-
sents 1/25 times1/15th of the reactor decay heat 24 h
after a LOCA (fifteen among the sixteen available
condenser units are assumed to be operational). The
nominal tube-side coolant temperature is 100°C, cor-
responding to boiling conditions in the external cool-
ing pool. The air partial density in the steam/air mix-
ture circulated through the test condenser corre-
sponds to the initial air content in the containment at
atmospheric pressure.

4.2 Test matrix

The dependence of heat removal capacity on coolant
temperature, air partial density and gas velocity was
investigated over a wide range around the reference
values. The cooling power was varied from 15 to
60 kW and the coolant temperature from 50 to 120°C.
Varying the air partial density is also of interest be-
cause inhomogeneous temperature distributions
within the containment can produce local increases in
the air content, degrading condensation heat transfer.
Tests included air partial densities up to 150 % of the
nominal value. The effect of the mass flux in the con-
denser was also investigated. The flow range of 0.1 to
0.5 kg/s for these tests covers the velocities expected
in real operation under natural convection conditions
within the containment. Finally, the influence of steam
superheating, which may occur locally in the contain-
ment under severe accident conditions, was investi-
gated for superheats ranging from 0 to 25°C. Thirty-
four steady-state tests were performed with various
combinations of the control variables.

4.3 Test procedure

The objective of the test procedure is to establish a
steady state at the required test conditions, i.e.,
make-up steam and recirculated gas flow rates, cool-
ant temperature and air partial density. The make-up
steam flow rate is first set and then the condenser

tube inside coolant temperature is adjusted through
the external coolant flow rate and temperature. The
recirculated gas flow rate is adjusted through the fan
rotation speed and the proper air partial density is
established by injecting air or purging a portion of the
steam/air mixture from the system. In practice, only
the make-up flow rate can be independently estab-
lished while all other parameters are interdependent.

Test facility operation was delicate due to strong in-
teractions between the three loops involved and con-
trol difficulties inherent to natural circulation loops.
Adjustment of the test parameters to obtain steady-
state conditions required up to fourteen hours. How-
ever, for all "validated" tests, the test specifications
were fully met: the values of the test parameters were
very close to the planned test matrix values and com-
pletely steady states could be reached.

4.4 Results
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Fig. 3: Effect of gas flow rate on heat exchanger
performance at constant air partial density
(1 kg/m3) and coolant temperature (100°C).

The critical issue in assessing condenser perform-
ance is determination of the energy transferred from
the flowing steam/air mixture in the main vessel to the
condenser. This is accomplished with two independ-
ent energy balances: the first is performed in the main
vessel and the second on the coolant used in the
secondary heat exchanger. An error analysis based
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on the measurement uncertainties showed that the
second energy balance is more accurate than the
first, and therefore the secondary heat exchanger
energy balance is used to assess condenser per-
formance while the energy balance in the main vessel
is used as a cross check.

The influence of the various relevant parameters on
heat transfer performance was investigated and a
sample of the results is presented in Figs. 3-5. The
results are displayed as graphs of heat transfer rate
in the test condenser vs. difference between the
steam/air mixture inlet temperature and the two-phase
coolant temperature for various values of the other
control parameters.
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Fig. 4: Effect of air partial density on heat exchanger
performance at constant gas flow rate (0.3 kg/s)
and coolant temperature (100°C).

The systematic investigation of the effect of the inlet
flow rate in the forced-flow LINX-2 tests has shown
that it has a significant influence on condenser per-
formance. This is shown in Fig. 3, where the test con-
denser operating points are shown for various gas
flow rates, together with the operating point corre-
sponding to the design conditions 24 h after a LOCA.
The expected natural circulation gas flow rate at the
inlet of the full-scale condenser (scaled for direct
comparison with the LINX-2 data) is about 0.3 kg/s. At
this flow rate the test condenser has about 60% ex-
cess heat removal capacity over the design value

(Fig. 3). However, for very low gas flow rates, about
0.1 kg/s and lower, condenser performance would
drop below design specifications. Previous small-
scale natural circulation experiments by ENEL indi-
cated that the design flow rate assumption is conser-
vative [3], and large-scale natural circulation tests are
being performed at the Westinghouse Large Scale
Containment Test Facility (LSCTF) to verify whether
the results from small scale tests are applicable to
more representative geometries.

5 10 15

Temperature difference (°C)

20

• Coolant temperature: 50 deg C
• - 7 0 deg C

-*—100 deg C
--•-120 deg C

Fig. 5: Effect of coolant temperature on heat ex-
changer performance at constant gas flow rate
(0.3 kg/s) and air partial density (1 kg/m3).

The air partial pressure at the test condenser inlet had
little influence within the range investigated (Fig. 4),
but the heat removal capacity at a given steam-
coolant temperature difference increases strongly with
coolant temperature (Fig. 5). This is due to the rapid
increase in steam saturation pressure with the tem-
perature. The steam mass flux from the gas bulk to
the condensation interface is much higher at high
steam partial pressure.

Based on the large performance margin provided by
the preliminary condenser design (Fig. 3 and com-
ments), ANSALDO re-designed this component, with
reduced tube length and number. The LINX-2 results
are presently being analysed in more detail. The pur-
pose of the analysis is to assess, improve and com-
plement the available models and correlations for the
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heat and mass transfer between the steam/air mixture
and the finned tubes.

5 CONCLUSION AND ONGOING WORK

The first LINX-2 tests have shown that the solution
retained by ENEL for the containment condenser, i.e.,
a compact, finned tube heat exchanger, is adequate.
Based on the results, the condenser design was op-
timised. The results are also being used to assess
and develop heat and mass transfer models for this
component.

A continuation of the LI NX project is now underway.
Thanks to the acquired experience and LINX-2 facility
availability, it was possible to include some contribu-
tions in two proposals to the Nuclear Fission Program
of the 4 t h Framework Research and Technological
Development Program of the European Union (EU) in
cooperation with numerous European partners. Both
are being funded and assure continuation of the major
research directions for the LINX project for another
three years.

The LINX-2 contributions to the EU projects are re-
lated to the European version of the passive AP-600
mentioned here (INCON project), and to a project on
an advanced European Boiling Water Reactor
(TEPSS project).
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DESIGN OF THE EUROPEAN SPALLATION SOURCE LIQUID METAL TARGET USING
COMPUTATIONAL FLUID DYNAMICS

T.V.Dury, B.L. Smith

The only two possibilities for examining the thermal-hydraulic behaviour of a liquid metal spallation source
target are either to build a full-size target and install it in a proton beam, suitably supplied with coolant
under design conditions and instrumented, or to simulate such a target using a state-of-the-art Computa-
tional Fluid Dynamics (CFD) computer code. This latter approach has been pursued in the design of the
proposed European Spallation Source (ESS), for a target filled with liquid mercury coolant, with forced
circulation. Results indicate that a carefully designed target can remove the 2.8 MW of heat which neu-
tronics calculations predict will be deposited within the coolant and the target body, without overheating of
either.

1 INTRODUCTION

Fission reactors have traditionally been the prime
generators of neutron beams for experimental appli-
cations. Nonetheless, employing spallation sources is
now believed to be the best way of supplying con-
trolled, and controllable, high-intensity beams in the
future. In such sources, neutrons are generated as
the result of the interaction of a proton beam with a
suitable high-density target. However, in the transfor-
mation process about 60% of the total beam energy is
converted into heat, and this heat has to be extracted
in some way. The target can be a dense solid, cooled
internally by a fluid such as water, or it can be a
heavy liquid metal, which acts both as target material
and takes the deposited heat away itself by forced
convection. A solid target has the advantage that it is
known technology, but also has disadvantages, such
as the moderating effect of the coolant and the risk of
radioactive corrosion in the beam interaction zone. On
the other hand, a liquid heavy metal target is an ele-
gant solution, which eliminates many of the above
disadvantages [1]. Nevertheless, some areas of un-
certainty do exist, such as the ability to remove large
amounts of heat from a small volume, and shell integ-
rity under the pulsed thermal and mechanical loading
applied by the beam.

Operational experience over the past twenty years
with pulsed sources has led to general agreement
that they have more advantages than a continuous
source of the SI NQ type at PS I [2]. Because of the
huge investment in financial and technical resources
which such a source would require, a perceived
European solution to this need has been formulated
as the ESS - European Spallation Source [3]. The
source would be designed, built and operated as a
European-based, international effort, and would be a
short-pulsed system (1 îs at 50 Hz). This plan was
first conceived, in 1990, by the CEC Large Installation
Plan's Study Panel on Neutron Beam Sources.

Study groups for the major components have been
set up, to arrive at a reference design to present to
the European Union towards the end of 1996, with
subgroups looking at details and costs of other scien-
tific aspects. As part of this effort, the thermal-

hydraulics design has been performed by PSI for a
liquid metal target in which about 2.8 MW of heat is
deposited by the proton beam [1]. This gives a power
density which is 30 times greater than that in the most
powerful pulsed spallation source currently in opera-
tion - the ISIS Facility, at the Rutherford Appleton
Laboratory [4].

2 PROPOSED TARGET DESIGN

The target will be connected to inlet/outlet ductwork,
which in turn will lead to the heat exchange, gas
separation and control components of the heat sink
system for removing the heat deposited into the liquid
metal coolant. The whole is to be mounted on a mov-
able trolley, to enable the heated target to be re-
moved from the beam-entry zone periodically and to
be replaced as it ages and weakens due to radiation
damage (Fig. 1).

-'/Heat exchanger
t-fe. , ' , — — " heat pipes
^nl t I Removable shielding [

Cooling/
Target t r o l l e y 'h,e?t5,n?/<J*s

Fig. 1 : ESS target assembly

The minimum cross-sectional area of the target, nor-
mal to the direction of the incoming proton beam, is
determined by the proton beam footprint. In the de-
sign shown in the Figure, the top and bottom surfaces
of the target are parallel, and a water experiment was
set up to examine the flow patterns behind the inlet
flow guide. First, two-dimensional CFD studies were
made at this stage for this design. A second concept,
of an increasing cross-sectional area and sloping
lower container surface, to enable emptying under
gravity alone, was later drawn up and used as the
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basis of all subsequent computer studies (Fig. 2). In
both designs, coolant enters below the flow guide,
passes up over the window, and exits back along the
target. The proton beam enters the window on the
target axis, after passing through the secondary,
safety hull, designed to catch escaping coolant should
the inner shell rupture. In all calculations, the secon-
dary hull was not modelled and heat exchange be-
tween the two shells was disregarded.

60. 0

P(y,z) =1.4x10" 1 -

Safety hu i I

d o . heat production material) ° F P + b e a r ^

£D-parabo I i c d i s t r i b .
of p+ bear
<to be optlnlzedJ

Fig. 2: Initial target with single flow guide

2.1 Distribution of beam heating

The conversion of beam energy into heat is a function
of the density of the material with which the protons
interact, and is therefore different between target shell
and coolant materials. Beam heat distribution was
calculated to be parabolic in all directions normal to
the beam direction, with a cut-off outside an ellipse of
dimensions shown in Fig. 2. The distribution in the
beam direction, within the fluid, has an exponential
rise and fall, as shown in Fig. 3 on the target axis.
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Fig. 3: Power profile within the fluid

For the fluid, the volumetric heat generation is given
by:

P(x,y,z) = 4.426 x 106 (i - 0.5866e"x/00655)

x e-*'0.145 L _ Y
0.032 0.12

MW/m 3 . (1)

In the window there is no axial variation, as it is so
thin, and the energy deposition is given by:

0.032 0.12
MW/m3 , (2)

where x is measured along the target axis, y along the
vertical axis, and z on the horizontal axis (all in me-
tres). The origin of the three axes is at the centre of
the inner surface of the window.

Although the beam will be pulsed, time-averaged
energy deposition, in both window and fluid, was ap-
plied in the computer model, giving the same overall
deposition rate with time as in the real target. This is
an acceptable approximation as the pulse time is very
much shorter than the time constants of the fluid and
thermal processes involved.

The resulting heat deposition is 2.8 MW in the fluid
and 11 kW in the window.

2.2 Wall and flow guide materials

The extreme thermal and shock loading imposed
upon the target walls by the intensity of the proton
beam and by its pulsation, including the effects of
unforeseen beam trips, make it essential to use a wall
material with high conductivity and high strength, both
to constant stress loading and to the effects of ther-
mal shock from the pulse. Static structure mechanics
calculations have led to the current choice of the fer-
ritic-martensitic steel HT-9 as the most promising
material for the target structure [5].

2.3 Coolant fluid

Mercury was chosen as the most suitable material for
the first ESS liquid metal target, to fulfil the require-
ments of: High atomic number; low melting point; high
boiling point; suitable thermal neutron absorption
cross-section; few dangerous spallation products;
ease of purification; ready availability [6]. Its proper-
ties are given in Table 1.

The melting point is lower than room temperature,
and thus no auxiliary heating is required to keep it
molten. However, the boiling point is relatively low
and, although it can be raised by increasing the static
pressure, a pressure difference across the hull wall of
more than 5 bar should not be exceeded, to allow the
wall to be kept as thin as possible.

Atomic number
Atomic mass (gm/mole)
Density (kg/m3)
Coefficient of liquid volumetric thermal ex-
pansion (10"5/K)

Melting point (°C)
Boiling point at 1atm (°C)
Specific heat (J/kgK)

Dynamic viscosity (103xNs/m2)
Thermal neutron absorption cross-section
(barn)

80
200.6
13350
18.2

-38.87
356.58

120
1.24

389

Table 1 : Properties of mercury at 100°C
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The high thermal neutron absorption cross-section of
mercury is a disadvantage for a continuous source,
but can be an advantage for a pulsed beam [6]. In
order to keep pulses short, it is common to use a
thermal neutron absorber such as boron around the
moderators. However, boron heats up substantially in
the process, requiring additional cooling. Therefore,
using mercury would eliminate the need to use an
additional absorber.

3 THERMAL-HYDRAULIC SIMULATION

Two- and three-dimensional models were used to
assess the feasibility of different concepts for creating
the coolant flow patterns necessary to avoid exces-
sive temperatures within either the fluid or the target
structure. Fluid density variation was calculated by
using the volumetric expansion coefficient for mercury
to enable buoyancy to be calculated, otherwise all
material properties were assumed to be independent
of temperature (the Boussinesq approximation). As
the Reynolds number in the target is of the order of
106, the flow is highly turbulent and the high Reynolds
number k-e turbulence model with standard coeffi-
cients was used throughout. Conditions were as-
sumed to be steady-state, with no flow fluctuation
allowed. Calculations were carried out using the
thermal-hydraulics code CFX-F3D [7], known previ-
ously as CFDS-FLOW3D and supplied by AEA Tech-
nology, Harwell, UK.

4 TWO-DIMENSIONAL MODEL

Preliminary calculations were performed with a simpli-
fied 2-D model of a vertical, axial slice through the
centre of the target (Fig. 4), to examine the flow pat-
tern beyond the expansion from the inlet channel into
the target body. Mesh density was concentrated to-
wards the structure boundaries, particularly over the
window surface, to resolve the high temperature and
velocity gradients expected in the boundary layers
adjacent to non-slip (heated) walls. The window con-
sisted of a semicircular dome, of thickness 3 mm
where it joined the walls, but tapering to 1.5 mm at its
centre. An internal, horizontal flow guide near the
bottom surface directed incoming cold liquid towards
the window from below, with a contraction near the

WINDOW

CLOSE-UP OF WINDOW REGION

COOLANT FLOW

(a) Solid guide plate

0.08

Fig. 4: Two-dimensional model

(b) Perforated guide plate, 15% porosity

Fig. 5: Contours of axial velocity (m/s, above zero) in
the xy-plane; 2-D models

flow exit to accelerate flow over the window and pro-
mote efficient window to fluid heat transfer.

Simulation with a solid guide plate showed that a re-
circulation zone occurs on the downstream side of the
window, visible in the contour plot in Fig. 5a as the
region where the axial component of velocity is less
than zero. Imposing different flow guide perforation
patterns prevented the formation of this undesirable
recirculation (axial velocity component contours are
plotted in Fig. 5b, for a plate porosity of 15%, and
show no reverse flow above the plate). The flow con-
striction at the throat of the inlet channel gave ade-
quate window cooling, even if only 12% of the total
mass flow passed over the window surface (with the
remainder entering through the perforated plate).
However, any perforation pattern which stopped recir-
culation allowed too much of the flow to by-pass the
region of highest heat production in the coolant, and
the net effect was overheating of the fluid.

However, a full, three-dimensional model would be
required to examine the influence on the flow of the
curved walls and the limited horizontal extent of the
inlet channel.

5 THREE-DIMENSIONAL MODEL

The inadequacy of a single inlet flow channel to pro-
vide strong flow through the zone of maximum heat-
ing within the fluid led to a logical improvement of the
design by adding inlet flow channels at both sides of
the target. These would direct the bulk of the coolant
into the target centre, at a relatively high velocity, to
remove hot fluid from the axis. Meanwhile, it would
interfere only minimally with the fluid coming from the
lower inlet and cooling the window. Such a design can
only be simulated by a 3-D model, as seen in Fig. 6 in
the form of the coarse mesh used for parameter study
calculations.

A first assumption was that there would be a vertical
plane of symmetry for flow and temperature along the
centre-line of the target. The model was thus halved
down the middle for all calculations, except those with
asymmetric side-entry flows, where the assumption of
central-plane symmetry was also checked.
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Boundary conditions were set by defining inlet plane
velocity and temperature distributions, and outlet
plane pressure.

5.1 Fluid cell size variation

Calculations were made with different thicknesses of
the fluid model cell next to the window surface, to find
out if the turbulent boundary layer was being ade-
quately represented. The velocity profile is calculated
directly if the centre of the first boundary layer cell lies
within the viscous sublayer (for CFD-F3D this is pro-
grammed to be within the dimensionless distance
y+ = 11 from the wall). For the ESS target, this means
a cell less than about 6 u.m thick, which would result
in an unacceptably large number of model elements.
It is also of the same order of size as the probable
surface roughness, and consequently is unrealistically
small for a calculation which assumes smooth-wall
conditions. For all thicknesses of cell greater than
this, CFX-F3D employs turbulent wall functions to
determine velocity and temperature. However, these
wall functions are only valid within the range of di-
mensionless distance 30 < y+ < 100 from the window
[8], Therefore, cell size was reduced in steps until it
lay within this range. Similar mesh refinement was
also applied next to the surfaces of each flow guide.
Although there is little significant heat transfer be-
tween the fluid and these surfaces, it is important to
accurately predict the velocity and pressure gradients

near the fluid guide outlets, and this is strongly de-
pendent on using an appropriate size of mesh in
these regions.
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Fig. 7: Variation of peak temperatures with model
boundary layer cell thickness

Window and fluid peak temperatures are plotted in
Fig. 7 as functions of the thickness of the boundary
layer cell. The fluid temperature is only slightly af-
fected by cell size, though perhaps more than might
have been expected, as the peak fluid temperature
occurs well away from the window. However, the win-
dow peak temperature drops continuously with thick-
ness, appearing to be sufficiently close to an asymp-
totic limit at small cell sizes to make further mesh
refinement unnecessary.

The influence of cell thickness on the outer window
temperature and on the vertical velocity component
next to the window, on the target axis, can be seen in
Table 2.

Dimensionless distance of
the boundary layer cell

centre from the
window

y +

850
520
390
280
180
100
55
45

Temperature,
above inlet, on
the outside of
the window

°C

115.6
105.5
94.9
90.2
86.3
83.7
82.6
82.4

Vertical
velocity

next to the
window

m/s

2.00
3.03
4.10
4.00
3.84
3.62
3.54
3.44

Table 2: Outside window temperature and vertical
velocity, on the target axis.

On the axis, the total fluid velocity is predominantly
vertical. Decreasing the cell thickness changes this
velocity from 2.0 m/s, through a maximum of 4.1 m/s,
to 3.4 m/s, representing more accurate tracking of the
very thin boundary layer at the wall. Although not
recorded in Table 2, the influence of cell size further
away from the wall is small, though not easy to evalu-
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ate clearly because the number of cells in this region
was increased after the first calculation (necessary in
order to prevent adjacent elements in the fluid from
differing too much in size, which would cause com-
putational convergence difficulties).

The wall temperature changes primarily due to the
changes in fluid velocity and temperature next to the
wall as the result of the more accurate implementation
of the wall functions. Nevertheless, for comparative
purposes, simulation with a coarse mesh was very
much quicker to perform and was assessed to be a
valid approach for first design parameter studies.

5.2 Variation of flow split between lower and side
inlets

Total fluid mass flowrate was set at 175 kg/s and inlet
temperature at 100°C, giving a mixed mean outlet
temperature of ~217°C. This was a compromise be-
tween having a low fluid pressure drop within the tar-
get while keeping the peak fluid temperature safely
below the boiling point of mercury. Flow under the
lower baffle ranged from 10.1% to 31.0% of the total,
with the remainder entering equally through each side
inlet, allowing the continued use of a model halved
down the vertical axial plane.

To simplify construction, it is desirable to be able to
supply mercury to both side and lower inlets from the
same pumped supply and at the same pressure. To
see the relationship between supply pressures,
flowrate and maximum target temperature, the peak
window and fluid temperatures are plotted in Fig. 8 as
functions of the ratio of pressure at the lower inlet to
that at the side inlet, with both pressures measured
relative to that prescribed at the outlet plane. The
Figure clearly shows the effects on temperatures of
the complex interaction of the two inlet fluid streams.
Fortuitously, both window and fluid peak temperatures
are essentially identical when the inlet pressures are
equal (ratio=1.0).
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Fig. 8: Dependence of peak fluid and window tem-
peratures on inlet pressure ratio

Maximum window temperature is sensitive to pres-
sure ratio below the range 0.4-1.0. Outside this
range, the interaction region between the incoming
coolant streams moves away from the target axis, and

the centre of the window then becomes more effec-
tively cooled. Below the range, fluid entering from the
side penetrates more strongly to the centre of the
window, and then even begins to enter the inlet chan-
nel below the lower baffle, near the symmetry plane.
As a result of improved cooling of the centre of the
window, the peak window temperature is shifted away
from the axis - both radially and downwards.

In contrast, when coolant flow from the lower inlet is
high, the whole window is well cooled and its peak
temperature remains on the axis. A drawback, how-
ever, is that swirl occurs in the outlet duct region, to
such an extent that the hot fluid core begins to im-
pinge on the lower or side baffles, raising their surface
temperatures significantly and generating thermal
stresses.

Peak fluid temperature changes only by ±5°C over the
whole range, and occurs at axial distances between
0.15 m and 0.42 m away from the window. Figures 9
and 10 show contours of temperature above inlet, in
the horizontal plane through the peak fluid tempera-
ture and in the vertical symmetry plane, respectively,
for the situation with almost equal inlet pressures.
Because of the scale, it is not possible to see the
temperatures within the window, but the level, position
and extent of the hot fluid core are clearly visible.

Fig. 9: Horizontal temperature contours through the
peak fluid temperature (°C above inlet)

Fig. 10: Vertical, symmetry plane temperature con-
tours (°C above inlet)

In this case of equal inlet pressure, the zone of high-
est fluid temperature occurs on the symmetry plane.
But with high flowrate from the lower inlet, the interac-
tion of the two coolant streams creates a swirling mo-
tion which brings the point of highest fluid temperature
closer to the window and moves it off the axis. Further
downstream, the flow returns to an axially-peaked
velocity profile with a central hot core, which remains
below the peak temperature, having mixed with cooler
fluid along its path.

The interaction of the inlet streams causes an effec-
tive stagnation point about 2 cm above the axis, but
this is far enough away from the heat deposition peak
for the fluid temperature there not to rise significantly.
Recirculation in the axial, vertical plane, centred about
20 cm downstream of the window, and recirculation
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zones across the top and bottom of the target, are
sufficiently far from the heat deposition peak to en-
sure that no large fluid temperature rise occurs at
these positions. However, the downward movement
of the fluid, resulting from the axial recirculation, con-
tinually brings cooler fluid down to the target axis,
causing the maximum fluid temperature to occur be-
tween 2.5 mm and 7.5 mm below the axis. Although
the hot fluid core will tend to rise into cooler fluid
above it, due to buoyancy, its inertia appears to be
high enough to prevent this occurring.

The dimensionless parameter which describes the
relationship between buoyancy and inertial forces,
specifically in the context of stratified, horizontal flow,
is the Richardson Number:

dp
dy

dV
(3)

where g is the gravitational acceleration, p the mean
fluid density, and Vthe horizontal velocity.

By expressing the density gradient in terms of the
volumetric expansion coefficient of the fluid, /3, and
the vertical temperature gradient, dT/dy, the above
equation becomes:

With equal inlet pressures, and evaluating the tem-
perature and velocity gradients macroscopically over
half the target height at the region of the peak fluid
temperature, the Richardson Number is close to
-0.004. The negative sign conventionally denotes the
fact that hotter fluid is below cooler. This is a situation
which is inherently unstable, with the tendency for the
hot fluid to rise due to buoyancy. However, the very
low value of the Richardson Number here indicates
that the inertial force, represented by the term
{dV/dy)z, dominates that due to buoyancy, repre-
sented by dT/dy (typically, these forces are of equal
magnitude when ffi=1). Therefore there is no op-
portunity during the short transit time of fluid passing
through the centre of the target for buoyant forces to
have any effect upon its movement. The combined
influence of lower-entry coolant at the front and the
interaction of the side flows is thus to move the hot
core downwards along the whole target length.

Based on a simple heat balance, the mean fluid tem-
perature rise through the target is 97.1 °C. With equal
inlet pressures, peak fluid temperature rise to
143°C above inlet temperature is less than twice this
mean increase, pointing to reasonably good mixing.
Maximum structural temperature is also relatively low,
though an optimum level depends upon the behaviour
of HT-9 if neutron embrittlement has occurred [5].
Nevertheless, with some refinement of the design, it
appears that this particular choice of lower and side
baffle shapes, sizes and locations is quite promising,
with equal inlet pressures.

5.3 Asymmetrical side-inlet flows

Although the target can be manufactured to quite
close tolerances, there is always a possibility that
mechanical deformation or expansion could change
the relative flows from the side-entry inlets. A series of
calculations was therefore carried out with a full target
model, to simulate asymmetrical side-entry flows and
observe how sensitive the target temperatures are to
these changes.

The case with equal inlet pressures, using a coarse-
mesh model, was taken as the basis for this parame-
ter study, and a first calculation made with equal flows
from either side, to compare with results using the
half-model. Three further cases were then simulated,
with side-inlet flow ratios (right:left) up to 1.50.

The influence of asymmetry of side-inlet flows on
peak window and fluid temperatures can be seen in
Fig. 11, where peak temperatures are plotted as func-
tions of the imposed side-inlet flow ratio. Comparing
peak temperatures for the half-model case (Fig. 7,
largest boundary layer cell thickness) and for the full-
model with equal side-inlet flows (Fig. 11, flow ratio of
1.0), those for the full-model are 6°C higher for the
window and 4°C lower for the fluid. The peaks occur
at the same positions in both calculations, but in the
full model the transverse distributions of velocity,
temperature and pressure throughout the target are
not quite symmetrical. The asymmetries are neverthe-
less within the convergence tolerances chosen for the
calculation, and could be the cause of the differences
observed in peak temperatures.

The effect on peak window temperature is relatively
weak in the ratio range 1.0 to 1.25, dropping by 10°C
but then rising again to almost the same level. This
weak influence is to be expected, due to the domi-
nating effect over the centre of the window of flow
from the lower inlet. When the asymmetry rises from
1.25 to 1.5, however, the higher side flow begins to
sweep the centre of the window more effectively and
the peak window temperature moves off-centre, drop-
ping by 40°C.
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The effect of asymmetry on fluid temperature is more
pronounced, and complex. In general, its influence is
opposite to that on the window. In the flow ratio range
1.0 to 1.25, peak fluid temperature is very sensitive to
side-inlet flow asymmetry, rising by about 50°C. The
hot core spreads as it extends axially. It continues to
move off-centre along the target, and towards the
bottom flow guide, until it exits close to the lower cor-
ner of the outlet section, causing relatively high ther-
mal gradients in the flow guides in this region.

In the range 1.25 to 1.5, however, fluid peak tempera-
ture drops, but only by 15°C. The reason for the re-
verse effect occurring is that the increasing asymme-
try creates more efficient fluid mixing, due to the
presence of stronger cross-flow and recirculation in
the region of highest heat generation. The result is
that fluid temperature rises more slowly along the
axis, and the peak temperature moves horizontally
off-centre, though in a direction towards the side-inlet
supplying more fluid.

The dominant side inlet at high flow ratio produces a
strong stream of cold fluid close to the opposite side
flow guide, but nevertheless the fluid temperature
reaches a higher maximum, though it is confined to a
smaller volume. Recirculation is so strong that it ex-
tends along the full length of the target.

5.4 Austenitic steel replacing HT-9

Changing all structural material to austenitic steel has
no effect on fluid peak temperature, but causes the
window peak to rise by about 30°C. The increases in
temperature level and thermal gradients within the
window are due to the lower thermal conductivity of
austenitic steel. They are factors which affect struc-
tural integrity, from a stress analysis point of view,
with regard both to time-averaged temperatures and
to the consequences of the thermal and mechanical
stresses caused by the pulsed proton beam.

6 CONCLUSIONS

The series of CFD calculations presented here is a
first attempt to understand the thermal-hydraulic be-
haviour of a spallation source target, cooled by a liq-
uid metal and designed to fit within the geometrical
constraints imposed by the neutronics-limited physical
dimensions of the proposed European Spallation
Source.

Two-dimensional model calculations showed that a
single, perforated flow guide bringing coolant fluid to
the heated region of the proposed target design inhib-
ited flow recirculation, but could not produce a high
enough flowrate in the central core zone to prevent
unacceptably high fluid temperatures from occurring
there. However, it was shown that the window could
be adequately cooled if as little as 12% of the total
coolant flow passed over it.

The addition of side-entry coolant flow to the window
region succeeded in reducing the maximum fluid tem-
perature in the target to an acceptable level, and did
not interfere with window cooling. Parameter studies
showed that, even with the first attempt at a design
with balanced inlet flows, it would be possible to sup-
ply fluid to lower and side inlets from the same mani-
fold, at the same pressure, without needing to intro-
duce flow-throttling devices. With equal pressure at
each inlet, total coolant mass flowrate of 175 kg/s,
and heat deposition of 2.8 MW in the fluid and 11 kW
in the target window, peak window and fluid tem-
peratures were almost equal at 143°C above inlet,
and total system pressure loss between inlet and
outlet was close to 2.1 bar.

Pressure loss is concentrated at the nozzle-like exits
from the inlet flow guides, but at the expansion down-
stream of these exits there is such a large pressure
drop that the target outlet pressure must be kept
above about 3 bar to prevent cavitation.

Peak fluid temperature is very sensitive to asymmetry
in side-inlet flows. Therefore, such asymmetry should
be reduced to a minimum, and the proton beam kept
as close to the centre of the window as possible.

Changing the target structure material to austenitic
steel did not affect the peak fluid temperatures, but
window peak temperature rose by 30°C.

Calculations were very encouraging, but two areas of
uncertainty require further investigation. Firstly, win-
dow cooling at the centre has been shown to depend
strongly upon the position of the zone of interaction
between the flows from either side. In reality, the in-
teraction zone is likely to be highly turbulent. The
turbulent fluctuations may improve the heat transfer
between window and coolant over and above that
predicted by the k- e turbulence model for the mean
flow field. Experiments are needed to quantify this
effect.

The second uncertainty, and one which also requires
experimental investigation, concerns the accuracy of
the wall functions for momentum and heat transfer at
the window, where the coolant passes over a curved
surface during its expansion from the inlets.
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EXPERIMENTS TO UNTERSTAND THE CORROSION PROCESS
OF FUEL ROD CLADDINGS

F. Groeschel, A. Hermann

Fuel rods in Light Water Reactors have to respond to the trend in increased burn-up and extended dwell-
ing time in reactor. Waterside corrosion of the cladding affecting wall thickness, mechanical stability due
to hydriding and the heat transfer due to the low thermal conductivity of the oxide scale may become the
limiting factors. The corrosion process is complex and involves a large variety of mechanisms. Under-
standing of the process is important for safe operation and a prerequisite for development of improved
materials. A variety of analytical techniques and mechanical tests, including examination of irradiated
pathfinder rods, are used to tackle the different aspects.

1 INTRODUCTION

Fuel rod claddings of Light Water Reactors (LWR)
undergo significant attack during operation, experi-
encing high neutron flux, elevated temperatures with
a respectable temperature gradient across the wall,
large mechanical stresses due to internal and external
pressure, and creep down. The surface of the clad-
ding is exposed to high temperature water (320°C in
Pressurised Water Reactors (PWR) and about 295°C
in Boiling Water Reactors (BWR)). Since the cladding
is the first barrier against the escape of fission and
activation products into the environment, it has to
exhibit adequate performance during normal opera-
tion and during design-basis accidents. The cladding
itself should provide adequate mechanical strength,
low neutron absorption and good thermal conductivity.
It should be stable and show sufficient corrosion re-
sistance during the time it stays in the reactor to reach
the desired burnup of the fuel.

In order to meet these requirements, material with
special properties is needed. After some experience
with stainless steel, Zirconium based alloys were
found to provide the best performance and are now
exclusively used in LWRs. In the quest to increase the
performance and the safety of the components, a
continuous research effort is undertaken by the ven-
dors, utilities and research institutes. One of the cur-
rent aims is to achieve a higher discharge burnup and
longer cycles of the fuel in order to reduce waste,
maintenance and reprocessing costs. The extended
exposure of the cladding material calls for improved
alloys to stay within the limits prescribed by the
authorities. PSI is strongly involved in research to
understand the degradation processes and in qualifi-
cation programmes for improved alloys.

2 DESCRIPTION OF THE MATERIALS

Fuel claddings in western LWRs are made of Zircaloy
materials; PWRs use Zircaloy-4 (Zry-4) and BWRs
use Zircaloy-2 grades (Zry-2). The composition of
these grades is specified by ASTM B 811-90 stan-
dard, as given in Table 1. The range of the alloying
elements is rather wide and leaves large possibilities
for optimisation for specific purposes. Whereas west-
ern reactor development was directed along use of

these Zr-Sn type alloys, light water reactor develop-
ment in eastern countries and Canada preferred
Zr-Nb type alloys. In recent years, some develop-
ments seek to combine both routes.

Alloy

Zircaloy 2

Zircaloy 4

Sn

1.2-1.7

1.2-1.7

Fe

0.07-0.2

0.18-0.24

Cr

0.05-0.15

0.07-0.13

Ni

0.03-0.08

-

O [ppm]

1000-1400

1000-1400

remainder Zr

Table 1 : Chemical Composition of Standard Zircaloy
Alloys (alloying elements in weight-%)

Zirconium crystallizes as a hexagonal closed-packed
(hep) metal at ambient temperature (cc-phase). At
about 865°C, the alloy undergoes an allotropic trans-
formation into the body centered cubic (bec) p-phase.
During quenching from the p-phase, the material
transforms into a martensitic or bainitic structure de-
pending on the cooling rate. Tin is added to stabilize
the a-phase, forming a substitutional solid solution
with Zr. Sn also increases the corrosion resistance of
the alloy, mainly by mitigating the deleterious effect of
nitrogen, which is dissolved as an impurity. Due to
improved alloy processing, the nitrogen content has
been reduced and it is preferable to reduce the Sn
content as well for increased corrosion resistance. Sn
has also a moderate effect on the mechanical proper-
ties by increasing the tensile yield strength [1].

Fe, Cr and Ni are considered as p-eutectoids, be-
cause they show an eutectoid decomposition in the
p-phase. These elements are added to increase cor-
rosion resistance. They are fully soluble in the
p-phase in the compositions considered, but hardly
soluble in the a-phase. In Zircaloys, precipitates of the
type Zr2(Ni,Fe) and Zr2(Fe,Cr) are formed. Whereas
in Zry -4 only the fee or hep Laves-phase of the
Zr2(Fe,Cr) type is formed, in Zry-2 both of these
phases and the body centred tetragonal phase of the
Zr2(Ni,Fe) are found. The size of these precipitates
strongly affects the corrosion resistance of the re-
spective alloys. Whereas Zircaloys with larger pre-
cipitates generally showed better resistance in PWRs,
resistance to nodular corrosion in BWRs was better
for alloys with finely distributed small particles [2].
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Oxygen is an a-phase stabilizer and has a strong
influence on the mechanical properties. Oxygen
shows a wide solubility in Zr and is dissolved as an
interstitial. An increase of yield strength by about
150 MPa is observed for 1000 ppm oxygen.

Hydrogen as an impurity or as a reaction product due
to waterside corrosion strongly affects the alloy be-
haviour. Its solubility in Zr is very limited (about
15 ppm at 200°C, 200 ppm at 400°C). It is dissolved
interstitially in the matrix. Above the solubility limit,
hydrogen precipitates as a face centered cubic (fee)
5-phase (ZrHi 66)- Hydrides are very brittle at low
temperature and thus strongly affect the mechanical
performance of the cladding.

3 POST IRRADIATION EXAMINATION (PIE)

Qualification of the fuel rod cladding materials is a
long process. After laboratory tests of candidate ma-
terials, the acceptance of claddings must be verified
via in-reactor tests by exposing pathfinder rods and
lead test assemblies. The performance of the fuel
rods is evaluated in post irradiation examination ex-
periments. Special equipment (hot laboratory) is
needed to analyse the activated materials.

4 NONDESTRUCTIVE ANALYSIS

Nondestructive analysis of the fuel rods provides
valuable information on the changes occured during
reactor exposure. With a hotcell of 4.5 m length, full
length LWR rods can be examined. Examination
methods are:

- visual inspection
- oxide thickness measurement by EC technique
- profilometry
- EC defect probe analysis
- cold gap measurement
- gamma scanning

Results yield information on the local and global con-
dition of the rod.

5 STUDY OF THE OXIDE LAYER

5.1 Corrosion Kinetics of Zircaloy

Corrosion of Zircaloy [3] follows a cubic rate law in the
first (pretransition) phase, lasting about 100 days in
reactor environments. This period is followed by a
linear oxide growth. Beyond a certain oxide thickness,
a significant increase in growth rate is observed.
Growth kinetics for in-pile samples differ from out-of-
pile tests, hence demonstrating the effect of irradia-
tion [4]. A number of mechanisms have been pro-
posed to explain this effect. Corrosion rates in labo-
ratory tests are in general determined by weight gain
measurements; for in-reactor or irradiated fuel rods,
corrosion is determined by oxide thickness measure-
ments.

5.2 In-situ Analysis by Electrochemical
Impedance Spectroscopy (EIS)

It is known that the phase transition from the cubic to
the linear corrosion rate is accompanied by a change
in the morphology of the oxide. The initially compact
and protective oxide becomes porous and cracked.
The protective layer is assumed to be reduced to a
relatively thin (< 1 p,m) barrier layer at the metal/oxide
interface. The transport of the corrosive species
through this layer is thought to be the controlling
mechanism.

EIS provides information on conduction within the
oxide. Using a Zahner IM5d impedance measuring
unit, soaking experiments were performed by im-
mersing autoclaved samples [5] and in-reactor grown
cladding segments [6] in a 1M H2SO4 solution at
room temperature for different periods. Fig. 1 shows a
typical Bode diagram of an in-reactor corroded sam-
ple of about 30 |xm oxide thickness at two different
soaking times. The figure indicates that, besides
quickly penetrated regions of the oxide, there exist
other structures (a network of fine pores) that are only
penetrated after prolonged soaking time.

-90

+ 0
iff4 iff3 iff2 101 10° 101 i r / IO3 104 105 106

frequency [Hz]

Fig. 1: Bode-diagram (impedance measurements vs.
exposure time in the electrolyte) of an in-
reactor exposed standard Zry-4 and a refer-
ence sample with about 5 nm air-formed ox-
ide. Total impedance: full symbols, phase:
open symbols.

exposure time • 24h, A 768h, • Zry-4air

The response curves can be modelled by a network
of resistances and capacitances. For thin oxide lay-
ers, the models predict small, highly conductive paths
through the oxide, ending at or close to the metal
surface. These paths can be associated with fine
pores or with unoxidized precipitates as revealed by
TEM analysis. The response of thicker oxides is best
described in terms of lateral interconnected cells,
probably electrolyte filled cracks or stringers.
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Soaking experiments, however, suffer of a major
drawback: penetration of the electrolyte into the oxide
is not assured; also, conditions hardly reflect the in-
reactor environment. This problem can be overcome
by applying EIS in-situ during the corrosion experi-
ment under high pressure and temperature LWR con-
ditions allowing an analysis during the oxide growth.
Achieving measurements under the high tempera-
ture / pressure conditions and the low conductivity of
the real reactor water poses problems, which will be
studied in the sequel.

5.3 SEM/TEM-Anaiysis of the Oxide

The morphology of the oxide is best characterized
using SEM and TEM1. By breaking up flakes of oxide
taken from the cladding, a cross-section through the
oxide can be viewed. A layered structure is revealed
by SEM, indicating a cyclic growth [7]. Within the ox-
ide, macroscopic stringers are found parallel to the
surface. These are believed to be associated with
sequences of hydride precipitates in the corroding
metal, as revealed by SIMS measurements.

Applying TEM, the grain structure and texture, as well
as intermetallics and pores can be identified. 2rO2
grains are mostly columnar in shape and oriented
normal to the surface, whereas equiaxial grains are
found close to the metal/oxide interface. Preparation
of the specimens is very delicate due to the brittle-
ness of the oxide and to the internal stresses. Tech-
niques have been developed to prepare samples
(irradiated/unirradiated) transparent to the 200 keV
electron beam (thickness about 50 nm), using dim-
pling and Ar-ion beam etching under a small incident
angle. By aligning two samples with their oxide face to
face, TEM sample preparation was successful.

6 INVESTIGATION OF THE OXIDE/METAL
INTERFACE

Due to the importance of the barrier layer, the condi-
tions at the metal/oxide interface are of primary inter-
est for understanding the corrosion process.

6.1 SEM-Analysis of the Interface

By dissolving the zircaloy metal in a bromine/ethyl-
acetate solution, the oxide can be recovered and be
viewed from the interface side by SEM. The morphol-
ogy of this side is characterized by a regular pattern
of cusps, the dimensions of which differ little between
in- or out-of-pile exposure, but seem to be related to
the corrosion rate [7].

6.2 TEM/High Resolution TEM

The grain structure and the conditions of the precipi-
tates at the interface are analysed by TEM [6].

Oxide grains at the interface were found to be
equiaxal. Using high resolution TEM (Philips CM30),

the lattice structure at the interface was revealed [8].
Fig. 2 shows an example of an autoclaved specimen.
The thickness of the examined area is about 10 nm.
Some lattice planes of the metal phase continue into
the oxide. (In follow-on work, lattice modelling will be
applied to determine the structures at the interface
and it will be attempted to determine the mismatch
stresses from the lattice spacing.) Preparation of the
specimen is similar as described above, but requires
very careful ion beam etching to achieve homogene-
ous thinning of the oxide and metal which differ
strongly in sputter yield.

Oxide

Fig. 2: High resolution TEM image of the metal/oxide
interface of an autoclaved Zry-specimen,
oxide thickness about 1 îm (3'900'000x)

7 INFLUENCE OF LIOH/H3BO3

Boric acid is added in PWRs for reactivity control at a
typical concentration of about 1200 ppm. Lithium hy-
droxide is added to the primary coolant to control the
pH and steel corrosion products deposition. Typical
in-reactor concentrations are about 2 wt.-ppm. For
reasons discussed below, the effect of higher con-
centrations of LiOH can become important. Concen-
trations above 70 ppm are known to enhance zircaloy
corrosion, although this effect is inhibited at high
H3BO3 concentrations [9]. However, the interaction
between these substances is very complex, since
H3BO3 will be consumed in the course of a reactor
cycle, 10B being transformed into 7Li by neutron cap-
ture. Both substances will be incorporated into the
growing oxide and may concentrate in the oxide un-
der a heat flux to significant concentrations. For this
reason, knowledge of their concentration within the
oxide is of prime interest in order to understand the
corrosion process, in particular the concentration
close to the metal/oxide interface.

Scanning /Transmission Electron Microscopy
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By using SIMS depth profiles of B and Li, the relative
change in concentration can be determined with a
high depth resolution (Fig. 3). With the SIMS ATO-
MIKA-4000, equipped with Oxygen, Caesium and
Gallium primary ion sources, also the crater size can
be highly reduced, providing a high lateral resolution
too [10].

For in-reactor grown oxides, Li concentrations in ex-
cess of those of the feedwater are observed; they are
attributed to the strong heat flux and subcooled nu-
cleate boiling at the surface. For oxide thicknesses up
to about 45 (im, however, concentration of Li at the
metal/oxide interface never reaches a level sufficient
to enhance corrosion.
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Fig. 3: Depth profile of Li+, B+ and Z r O within the
oxide of an in-reactor grown low-tin Zry-4
sample, oxide thickness about 6.5 (xm

8 STUDY OF THE BULK CLADDING MATERIAL
AND ITS PRECIPITATES

8.1 TEM-Analysis

Intermetallics of the Zr(Cr.Fe)2-type play an important
role in the corrosion process of Zry-4 alloys. During
irradiation, neutrons interact with the precipitates,
causing either dissolution or ripening [6,11], thus
modifying cladding properties. The cladding may thus
be strongly affected by exposure to high burnup.
Analysis of irradiated fuel rods and comparison with
archive material provides valuable results for the un-
derstanding of the behaviour under high burnup.

Fig. 4: TEM image of a late-p* quenched Zry-4 sam-
ple irradiated for 3 cycles, irradiation tem-
perature about 600K (49'OOOx)

Characterization of the precipitates with respect to
size distribution, chemical composition and structure
is made using TEM. Samples were taken from the
mid-wall of the cladding and were ground, dimpled
and etched. A 200 keV TEM was used at a magnifi-
cation of 42'000 for size determination and at a higher
magnification for chemical analysis. Fig. 4 shows a
typical TEM image. The size distribution of the pre-
cipitates was determined using the Quantimet 520
image analysis system converting the actual shape
into equivalent diameters. The final identification of
precipitates and artefacts, however, must be left to
the operator and his experience. Chemical analysis of
the precipitates is made by EDS2 technique using a
fine electron beam of about 20 nm diameter.

The preparation and analysis techniques can have a
strong impact on the results and make it difficult to
compare the findings of different laboratories. We
participated in a round robin test [12] within a large
joint project to identify the variables which affect the
size determination of precipitates in Zry-4. It revealed
a significant difference in the mean diameter for TEM
vs. SEM technique and a variation of about 25% for
the TEM analysis itself among the 14 participating
laboratories.

Using the above technique the influence of irradiation
and temperature was studied in three types of Zry-4
alloys differing in precipitate size [14]. For the three
alloys, the form of the size distribution curve of the
precipitates was not significantly affected by irradiation
over the range of neutron fluence of 8-11-1025n/m2.
The number density of the inter-metallics, however,
decreased significantly, depending on the irradiation
temperature. Fig. 5 gives an example for a standard
Zry-4 alloy.

The change in distribution and density can be ex-
plained by a constant decrease of the precipitate
diameter, irrespective of the particle size.

2Energy-Dispersive Spectrometry
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Fig. 5: Size distribution of intermetallics before and
after irradiation at two irradiation temperatures

9 HYDROGEN ANALYSIS

Corrosion of the fuel rod cladding leads to a wall
thickness reduction, which is limited by regulations to
10% for LWR fuel rods to comply with the mechanical
stability requirements under transient conditions. Hy-
drogen produced in the corrosion process penetrates
into the metal, forming brittle hydrides, and hence
reduces the ductility of the metal. Regulations limit the
acceptable average hydrogen concentration to about
500 ppm.

Hydrogen content is determined by using a LECO-
402 analyser, in which a sample - to which tin is
added to lower the fusion point - is melted in an in-
ductively heated furnace and the effusing hydrogen is
carried by an Ar carrier gas to a conductivity cell for
analysis.

Analysis of a number of in-pile corroded PWR Zir-
caloy alloys showed that the hydrogen take-up frac-
tion is in the order of 20%, but may be a function of
the alloy composition and of the oxide thickness [6].
Low-tin alloys tend to exhibit a higher fraction than
standard alloys, but on the other hand they show a
lower overall corrosion rate.

Analyses are normally made on coupons still con-
taining the oxide scale, in which some of the hydro-
gen is dissolved as well. For mechanical properties,
however, only the unoxidized metal is of importance.

Tests were conducted to determine the hydrogen
content in the metal and in the oxide, respectively, for
irradiated cladding material. Flakes from a thick oxide
scale were scraped off with a soft tool in order not to
include metal from the rod itself. The hydrogen con-
tent in the oxide was determined after having dried
the flakes in a desiccator with anhydrous CaSC>4 to
remove absorbed water. The measurements were
compared to samples of metal still coated by their
oxide scale.

In a second attempt [14], the oxide was completely
removed by a standard milling tool and the hydrogen

content of the metal alone was determined. Prior to
the removal, the samples were baked for 6 hours at
500°C in order to drive off absorbed water and to
redistribute hydrides in the metal which had accumu-
lated close to the interface.

The two tests yielded fairly consistent results, indi-
cating that the hydrogen content in the oxide is about
30% of the total content, which is about 450 ppm in a
sample with about 65 (im oxide scale. Considering
the oxide/metal ratio, the hydrogen content in the
oxide is about 1500 wt.-ppm.

We are developing a new method to discriminate
between the hydrogen stored in the metal or the ox-
ide. Instead of high speed heating to melt integral
samples, the furnace is slowly heated at a constant
rate and the temperature- related effusion of hydro-
gen is determined [15]. Fig. 6 shows that several
steps of hydrogen effusion occur.

IUO too aoo

Temperature, X

Fig. 6: Thermodesorption of hydrogen from an
oxidized Zirconium sample

The hydrogen content alone, however, is not the most
significant factor to determine the mechanical proper-
ties of a cladding. The size, distribution and orienta-
tion of the hydrides in the metal are also important.
For this reason, methods have to be developed to
include this information in the performance criteria.

10 MECHANICAL TESTS

Mechanical tests are needed to verify the effect of
irradiation and hydriding on the mechanical strength
of the cladding tubes.

10.1 Tensile Tests

An MTS-810 hydraulic testing system with an espe-
cially adapted gripping device and a heating chamber
allows to test tube segments up to 320°C. Elongation
is measured by a non-contacting video extensometer
with a resolution of about 5 urn.

The influence of hydrogen content and temperature
on mechanical strength and ductility was investigated
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using hydrided Zry-4 cladding and guide tubes [16].
Whereas the influence of hydrogen content on the
strength is small, a marked effect on the deformation
properties of the materials is noted. The embrittle-
ment, however, is stronger at room temperature than
at 300°C. The tests will be complemented by com-
parison with equivalent specimens from the reactor.
Results will be compared with measurements on
small-scale tensile test specimens taken from corre-
sponding claddings. These tests are performed in
collaboration with INER/Taiwan.

10.2 Burst Tests

In the course of normal operation and during tran-
sients, fuel rods are not so much subjected to uni-
axial loading, but to internal pressure from the blanket
gas He and the fission gases Kr and Xe. The internal
pressure and the contact force due to the swelling of
the pellets can both exceed the external water pres-
sure. This type of loading is best modelled by a
closed-end burst test, in which an equivalent stress as
calculated according to Hill's equation

g = / 2)1/2

(My the anisotropy matrix) is the controlling parame-
ter. Orientation of the hydrides may become important
when comparing the uniaxial tensile test with the burst
test, in which the circumferential hoop stress is high-
est. The anticipated tests will be made on unirradi-
ated, hydrided fuel cladding segments to complement
the tensile tests. Burst test results will be compared to
small-scale circumferential tests (slotted-arc test [17])
carried out at INER/Taiwan.

11 CONCLUSIONS

The corrosion process of Zircaloy fuel rod claddings in
LWR environment is a complex phenomenon and of
importance for improvement of the fuel cycle. Al-
though a variety of models has been proposed in the
past, the influence of certain parameters is not pro-
perly understood. Suitable experiments are required
to support the modelling.

A wide ranging programme of mechanical strength
testing and microexamination has been initiated. Re-
sults obtained thus far have yielded data on the effect
of hydriding, heat flux, oxidation and irradiation on the
performance and on the microstructural changes of
fuel rod cladding material. The results are being used
to improve predictive models, to propose higher per-
formance alloy compositions and to define more ef-
fective operational strategies for reducing corrosion.
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MODELLING THE GRIMSEL MIGRATION FIELD EXPERIMENTS AT PSI

W. Heer

For several years tracer migration experiments have been performed at Nagra's Grimsel Test Site as a
joint undertaking of Nagra, PNC and PSI. The aims of modelling the migration experiments are (1) to
better understand the nuclide transport through crystalline rock; (2) to gain information on validity of
methods and correlating parameters; (3) to improve models for safety assessments. The PSI modelling
results, presented here, show a consistent picture for the investigated tracers (the non-sorbing uranine,
the weakly sorting sodium, the moderately sorbing strontium and the more strongly sorbing caesium).
They represent an important step in building up confidence in safety assessments for radioactive waste
repositories.

1 INTRODUCTION

In Switzerland, an option for disposal of high-level and
long-living intermediate-level radioactive waste is
deposition in deep-lying crystalline rock. The public
safety depends on the long term retention within a
repository which relies, among other factors, on the
barrier function of the host rock. Therefore, a satis-
factory model of radionuclide transport is an important
component of safety assessment. In Switzerland, as
elsewhere ([1] and [2]), testing of such models is a
crucial and long-lasting activity. Hence, PSI partici-
pated at an integrated migration experiment per-
formed by Nagra (Swiss National Cooperative for the
Disposal of Radioactive Waste) and PNC (Power
Reactor and Nuclear Fuel Development Corporation,
Japan) at Nagra's Grimsel Test Site [3]. The exten-
sive field work was complemented by a substantial
programme of supporting laboratory studies ([4] and
[3], chapter 5) as well as by modelling tracer transport
in the field ([5], [6] [7]). The aims of modelling tracer
transport, taking into account the results from labora-
tory experiments, are: (1)to achieve an improved
understanding of nuclide transport; (2) to gain infor-
mation on validity of methods and correlating pa-
rameters; (3) to improve safety assessments. Since
the migration experiment is now, to a large extent,
successfully terminated, it is worthwhile to present
some of the main results of PSI modelling studies.
The intention is to explain basic relationships and
main features in a largely qualitative, and readily un-
derstood manner. The full quantitative details are
given in the cited reports. A comparison of model
concepts and ensuing interpretation by PNC, ETH
and PSI is in preparation [8].

2 FEATURES OF EXPERIMENT AND MODEL

To provide the essential background information
needed to understand the modelling results, the main
features of the experiments and the concept of the
PSI model are briefly summarised.
The migration field experiments ([9] and [3], chap-
ter 6 and 7) have been performed in the water con-
ducting part of a fractured shear-zone where, after
extensive hydraulic tests, a suitable region was se-
lected (the migration fracture). Water is injected at the
(packed off) intersection of a first bore hole with the

migration fracture and extracted, at a higher rate, at
an adjacent (packed off) intersection of a second bore
hole. By this procedure a steady state asymmetric
dipole flow field is superposed over the natural back-
ground flow. Two flow fields are considered. Both use
similar pumping rates of about 10 ml/min for injection
and 150 ml/min for extraction. One corresponds to a
distance from injection to extraction point of 4.9 m and
the other to a distance of 1.7 m. To investigate the
nuclide transport, short pulses of tracer nuclides with
different chemical properties are added to the injec-
tion water. The results of the measurements are the
time dependent tracer breakthrough concentrations at
the extraction point. These breakthrough curves im-
plicitly contain information on nuclide transport
through the migration fracture which is deduced by
the modelling studies.
The model consists of a hydrological part in which
the water flow field is computed, and a transport part
in which, based on the known flow field, tracer nuclide
transport through the migration fracture is calculated
([5] and [6], p. 16 - 57). The hydrological part of the
model [10] is based on Darcy's law (equation of vis-
cous fluid motion in a porous medium averaged over
a representative elementary volume and assuming
drag forces are negligible). The main approximations
are: (1) Representation of the migration fracture (over
a few meters distance) by a planar confined aquifer of
constant thickness; (2) space-independent flow po-
rosity and transmissivity and (3) representation of the
flow field by a dipole field that is not perturbed by the
natural background flow (due to the flat hydraulic po-
tential of the selected region and the high pumping
rates applied in the experiments). For the subsequent
transport calculations the flow field is subdivided into
10 stream tubes with equal water flow which are ap-
proximated by representative 1D flows (corresponding
to characteristic stream tube lengths and water transit
times determined numerically from the analytical di-
pole streamline expressions). In the transport part of
the model [11], tracer breakthrough is calculated by
superposition of the individual 1D stream-tube break-
throughs. The flow field was fairly uniform near the
dipole axis, extending less than 1 m perpendicular to
the axis, which generated clear-cut flow conditions for
the investigation of nuclides with different sorbing
behaviour.
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Migration fracture
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Granodiorite containing \
grain boundary pores /
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Fig. 1: Based on structural geology results (upper
part) a conceptual model for the geometrical
representation is derived (lower part).

Whereas the hydrological model is based on a homo-
geneous representation of the migration fracture, a
more detailed fracture description is applied for nu-
clide transport (dual porosity concept). According to
geological structural investigations ([12] and [3], sec-
tion 3.1.2) water flow in the migration fracture takes
place mainly in a small number of interconnected sub-
fractures, partially filled with highly porous fault gouge
as indicated in Fig. 1 (upper part). These sub-
fractures are also connected to pores in the adjacent
mylonite or granodiorite. The migration fracture is
modelled as several planar water conducting zones
without infill (representing narrow channels of flowing
water within the fault gouge), as is indicated in Fig. 1
(lower part). They are separated by porous rock
zones which contain stagnant pore water (mainly fault
gouge but also adjacent mylonite or granodiorite). In
the water conducting zones, nuclide transport is gov-
erned by advection and dispersion, the latter ac-
counting mainly for variability of sub-fracture geome-
try and water velocity as well as for sub-fracture inter-
connections. Nuclide diffusion from the water con-
ducting zones into the stagnant water in the porous
rock zones (matrix diffusion), is taken into account
neglecting the effect of diffusion parallel to advection.
Sorption on the surfaces of the water conducting
zones (surface sorption) and on the pore surfaces of
the porous rock zones (diffusion driven bulk sorption)
are calculated with the assumption of instantaneous
equilibrium between liquid and solid phase. Since the
presented cases consider only nuclide concentrations
far below natural background, linear sorption iso-
therms are applied.

3 POST-TEST ANALYSIS

The model is a simplified description of the compli-
cated water flow and nuclide transport. Analysis of the
migration field measurements in the 4.9 m dipole flow
field provide an opportunity to test the model, showing

areas of adequate nuclide transport description (fitted
model laying essentially within experimental errors)
and areas where refinements are necessary. Also the
analysis can help to improve and enable a quantita-
tive understanding of the main phenomena affecting
the breakthrough curves. A reasonable fit of the
model to the measured breakthrough curves is a first
indication of its usefulness. A second, equally impor-
tant indication is the numerical values of the model
parameters necessary to obtain the fit. These values
have to be credible and consistent with the underlying
concept. The analysis is applied to the experimental
tracer breakthrough curves for the non-sorbing
uranine, the weakly sorbing sodium (24Na), the mod-
erately sorbing strontium (85Sr) and the more strongly
sorbing caesium (137Cs), which are then corrected for
radioactive decay as necessary.

3.1 Breakthrough curves

3.1.1 The non-sorbing tracer uranine

The fit of the model to the experimental breakthrough
curve for uranine is shown in Fig. 2 (upper part). At
the extraction point the tracer, transported by the in-
jected water through the migration fracture, is diluted
according to the ratio of extraction and injection
pumping rate. Since the fairly uniform flow conditions
applied in the experiments have to be generated by a
high pumping rate ratio, a correspondingly large dilu-
tion factor of about 15 is contributing to the low
breakthrough concentrations. The high ratio also as-
sures full tracer recovery in the extraction hole. Peak
position is to a large extent determined by advection
in the water conducting zones, and therefore an indi-
cation for the average water velocity which itself is
correlated to the average aperture of the water con-
ducting zones. Breakthrough peak height and width
are largely determined by dispersion. The main dis-
persive effect is spreading the injected nuclide pulse
in advective direction over a characteristic spatial
width which is dependent on transport distance but
not on transport velocity. Advective transport of the
spread peak over the extraction boundary is the rea-
son why the width of a breakthrough curve (governed
by advection and dispersion) is essentially inversely
proportional to the average advection velocity. Nar-
rower water conducting zones would lead to a break-
through peak with smaller width and larger height (for
constant pumping rates). The reason for reducing the
breakthrough width is the corresponding larger water
velocity. The reason for increasing the breakthrough
height is the distribution of the injected nuclides over
a smaller total water conducting cross section
(perpendicular to advective flow) and, in addition, is
due to dispersion which spreads the nuclide break-
through peak in the advective direction over the same
spatial width as for the wider water conducting zones.

In the example of Fig. 2 (upper part), dispersion wid-
ens the curve and decreases the injected tracer peak
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Fig. 2: Comparison of fitted model to experimental
breakthrough for a 4.9 m dipole field. Upper
part: To a large extent the non-sorbing
uranine allows for discrimination of the influ-
ence of advection, dispersion and matrix dif-
fusion. Lower part: The weakly sorbing Na
shows a pronounced t~3/2 tail due to increased
influence of matrix diffusion.

value by a factor of 3. The pronounced tail of the
breakthrough curve is attributed to the effect of matrix
diffusion. A calculation without matrix diffusion
(dashed line) shows that, within the model concept,
matrix diffusion is definitely necessary to represent
the experiment. It shows also that, in the presented
example, matrix diffusion generates a tail mainly at
the expense of peak height which is reduced by a
factor of 2.5. The tracer pulse migrating in the water
conducting zone acts at the interface to the porous
rock zone, as a boundary condition for matrix diffu-
sion. A sufficiently long time after the pulse has
passed, the diffusion process generates a special
back-flow from the porous rock zone to the water
conducting zone. This flow decreases according to
f3/2 and is in size dependent only on the time integral
of the boundary condition (i.e. on the total nuclide
mass of the nuclide pulse which has passed in the
water conducting zone). Breakthrough tail due to this
back-flow can, therefore, be estimated solely from the
diffusion process, neglecting the small delays from
average advection time. It is presented in Fig. 2
(upper part) as "asymptote" (dot-dashed line). As
soon as tracer back-flow into the water conducting

zone is influenced by the outer boundary of the po-
rous rock zone, representing contact with imperme-
able rock or geometrical symmetry, an increase of
breakthrough concentration arises due to restriction of
further outwards diffusion. For still later times, the
breakthrough concentration decreases rapidly due to
the limited nuclide "reservoir" in the porous rock zone.
Comparing the fitted mode! to the experiment
shows that it is possible to reproduce the entire ex-
perimental breakthrough curve rather well represent-
ing, to a large extent separated, the effects of advec-
tion, dispersion and matrix diffusion. The model's
deviation at the front edge is not serious, considering
the logarithmic time scale. Model deviation repre-
senting the tail end perturbation (although 3 decades
lower than the peak!) indicates that a more realistic
representation of the porous rock zone could improve
this part of the fit.

3.1.2 Sorbing tracers

The breakthrough curve of the weakly sorbing Na is
presented in Fig. 2 (lower part). Compared to uranine,
peak height is decreased by a factor of 3 and delayed
by 40%. The reduction of peak height is caused by an
increased outwards diffusion from the water conduct-
ing zone into the porous rock. Due to bulk sorption in
the porous rock, propagation of diffusing nuclides is
slowed down and, therefore, steeper (negative) nu-
clide gradients are maintained at the interface to the
water conducting zone leading to the higher outwards
diffusion. The corresponding small peak retardation is
an indication that a noticeable fraction of nuclides in
the water conducting zone is not, or only slightly, af-
fected by the increased outwards and back-diffusion.
This is completely different from transport through a
single porosity medium where peak reduction and
delay due to sorption are given by the same factor.
The asymptotic tail is higher almost a factor 3 than
that for uranine (at the same observation time, e.g. at
30 h). The reason for the higher back-diffusion is,
again, the slower propagation of diffusing nuclides in
the porous rock zone. This leads to higher concentra-
tions near the interface and therefore also to higher
(positive) gradients driving the back-diffusion. The
increase of asymptotic tail amplitude corresponds
mainly to a multiplication by the square root of the
bulk sorption retardation factor. It is therefore also an
important indication of matrix diffusion. The retarda-
tion of the tail end perturbation can also be explained
by the slower propagation of diffusing nuclides. Com-
paring the fitted model to the experiment shows that
the model is able to reproduce rather well also the
overall shape of the breakthrough curve for Na, where
the different transport mechanisms are weighted dif-
ferently.
The breakthrough of the moderately sorbing Sr is
presented in Fig. 3 (upper part). It is governed by ma-
trix diffusion and bulk sorption in the porous rock zone
and differs considerably from the shape of uranine. No
narrow peak is observed around the water transit time
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Fig. 3: Comparison of fitted model to experimental
breakthrough for a 4.9 m dipole field. Upper
part: The moderately sorbing Sr is governed
by matrix diffusion coupled with bulk sorption.
Lower part: The more strongly sorbing Cs
follows the same breakthrough shape but,
due to the larger sorption, is substantially
shifted to lower concentrations and later
times.

since outwards diffusion into the porous rock zone is
largely affecting all nuclides. The asymptotic t'372 tail
is fairly late because the peak is flat. No tail end per-
turbation appears within the measuring time interval
since diffusing nuclides are strongly retarded. With
respect to uranine, peak height is reduced by a factor
250 and peak position delayed by a factor 45, a re-
markably large effect for even moderate sorption and
fractured flow. Although nuclide breakthrough is gov-
erned by matrix diffusion and bulk sorption, the front
edge is still noticeably affected by dispersion. Com-
paring the fit (solid line) to a calculation without dis-
persion (dotted line) shows that dispersion reduces
the arrival time at the lowest concentration in the fig-
ure from 40 h to 10 h and peak position from 200 h to
150 h. The reason why dispersion, spreading the
uranine peak by only about 2 h, can cause such a
large effect for Sr (which has the same advection time
as uranine) is the interaction of dispersion with matrix
diffusion. This interaction reduces retardation by ma-
trix diffusion for nuclides which, due to dispersion in
the water conducting zone, are transported faster
than the average. Comparing the fitted model to the

experiment shows that the model is able to reproduce
the experimental breakthrough curve reasonably well
demonstrating the usefulness of the applied sorption
concept. A calculation without matrix diffusion and an
adjusted surface sorption coefficient such that the
position of the peak is correctly reproduced (dashed
line), gives a peak height considerably too large. It
shows that, for the considered conditions, dispersion
and surface sorption widens the peak less effectively
than matrix diffusion and bulk sorption.
The breakthrough of the more strongly sorbing
tracer Cs is presented in Fig. 3 (lower part) showing
a fairly large sorption effect [7]. With respect to
uranine, the breakthrough peak is reduced in height
by a factor of 7000 and delayed by a factor of 1000. It
has (on the log-log scale) the same shape as the Sr
curve but is shifted with respect to Sr. The peak is
reduced and delayed roughly by a factor given by the
ratio of the sorption coefficients (since delay by ad-
vection is not important in this comparison). Tail am-
plitude of the shifted breakthrough curve is increased
by the square root of peak reduction, indicating again
back-diffusion increased by bulk sorption. The pertur-
bation of breakthrough at 4000 h is caused by a
pumping failure. Fortunately, the experimenters were
able to continue the measurements long enough to
confirm, nevertheless, the shape of the theoretical
curve (which was fitted only to the experimental points
before the failure). No new mechanism had to be
invoked to explain the Cs breakthrough.

4 PHYSICAL PARAMETERS

The physical parameters derived from the fit are
summarised in Table 1. Wherever possible they are
compared with independent determinations based on
geological considerations (G) and structural analysis
(SA) or on the results of laboratory experiments
(Exp.). The presented parameters correspond to the
median of log-normal distributions and the errors to
one geometric standard deviation. The actual fit pa-
rameters were chosen as combinations of these
physical parameters such that their variation would
influence as much as possible different parts of the
breakthrough curve.
To deduce specific physical parameters from the fit,
three physical parameters, the thickness of migration
fracture, the number of water conducting zones and
the bulk density of the porous rock zone had to be
fixed in advance. These were estimated from geo-
logical structural analysis. The influence of fixed pa-
rameter errors on the other parameters is included in
the error analysis.
According to the model concept, four independent fit
parameters can be determined for uranine leading to
the following four physical parameters: (1)The width
of the water conducting zones. It is small enough to
be in line with the concept of water conducting zones
lying within the fault gouge of the sub-fractures. The
average width of a sub-fracture (given in Table 1 as
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Tracer

Fixed for
all tracers

Uranine

Sodium

Strontium

Caesium

Parameter

Thickness of migration fracture (m)

Number of water conducting zones

Bulk density of porous rock (kg/m3)

Width of water conducting zones
(m)

Dispersion length (m)

Porosity of porous rock zone

Pore diffusion constant (m2/s)

Surface sorption coefficient (m)

Bulk sorption coefficient (m3/kg)

Pore diffusion constant (m2/s)

Surface sorption coefficient (m)

Bulk sorption coefficient (m3/kg)

Surface sorption coefficient (m)

Bulk sorption coefficient (m3/kg)

Derived from the fit Determined independently
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Table 1: Model parameters derived from the fit to the migration field experiments are consistent with independ-
ently determined values. (For Cs analysis is still in progress. Especially to mention are new laboratory
experiments with improved rock samples).

upper limit) is a factor of 9 larger. (2) The dispersion
length is smaller by a factor of 20 than the average
migration distance (given in Table 1 as upper limit)
and therefore within the range of applicability of the
dispersion concept. (3) The porosity of the porous
rock zone is only a factor of 2 smaller than the inde-
pendent estimate and agrees with it within the errors.
(4) The pore diffusion constant is only by a factor 3
smaller than the independent estimate and also
agrees within the errors. It must emphasised that the
separate determination of pore diffusion constant and
porous rock zone porosity was possible only since the
breakthrough curve was measured down to the tail
end perturbation (4 decades lower and 3 decades
later than the breakthrough peak!). The tail end per-
turbation contains the necessary information of nu-
clide propagation due to diffusion. The large error of
the diffusion constant stems from the inaccuracy of
the fit representing the tail end perturbation and from
the error contributions of migration fracture thickness
as well as from the number of the water conducting
zones.

For the further analysis of sorbing nuclides, the ap-
erture of the water conducting zones as well as the
porous rock zone porosity are assumed to be nuclide
independent. For all three sorbing nuclides, no retar-
dation due to surface sorption in the water conducting
zone was observed. Since no strongly sorbing frac-
ture coatings are indicated by structural analysis, and
the porous rock zone surfaces are much larger than
the water conducting zone surfaces, this result is re-
assuring. In addition, it indicates that there is no ho-
mogeneous flow through the fault gouge (which would
generate a retardation effect analogous to a surface
sorption). The most important result is that the bulk
sorption coefficients derived from the fitted model
agree with batch sorption values extrapolated to field
conditions for all three sorbing nuclides Na, Sr and Cs
within a factor of 3, and for Na and Sr within 2 stan-
dard deviations. This surprisingly good result reflects
the high quality of field and laboratory experiments,
but also the similarity achieved in the laboratory pro-
cedure preparing the rock samples to the geological
processes which have generated the fault gouge.
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5 PRE-TEST PREDICTIONS

After having calibrated the model in a successful
analysis (i.e. determined the open model parameters),
predictions of new experiments without the require-
ment of parameter extrapolation form the next step of
model testing. Predictions were done for experiments
in the same fracture configuration and using the same
tracer nuclides, but for a considerably faster 1.7 m
dipole flow field with an average water transit time of
0.3 h instead of 2.6 h. This test is very sensitive since
it leads to a different weighting of transport mecha-
nisms (e.g. reduction of the matrix diffusion effect by a
factor of 80).

Comparison of prediction and experiment for the non-
sorbing uranine and the weakly sorbing Na are
represented in Fig. 4. For both tracers an excellent
agreement was obtained. The almost identical
breakthrough peaks for uranine and Na, due to the
small water transit time, were predicted correctly. The
asymptotic tail for Na is increased by a factor of about
3 with respect to uranine as already observed in the
4.9 m dipole experiment (presented in Fig. 2). The
observed effect is independent of the flow field con-
firming the increased back-diffusion from the porous
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Fig. 4: Model predictions for a faster 1.7 m dipole
field. Upper part: For the non-sorbing uranine
an excellent prediction was possible. Lower
part: With respect to uranine the weakly
sorbing Na shows an unchanged peak but an
increased tail height; both were also predicted
correctly.

rock zone due to the bulk sorption of Na. It is also
predicted correctly.
Breakthrough prediction for the moderately sorbing
Sr is compared to the experiment in Fig. 5 (upper
part). The overall agreement is reasonable. With re-
spect to the 4.9 m dipole experiment, the large in-
crease of peak height (by a factor of 150) and antici-
pation of peak position (by a factor of 170) is pre-
dicted within a factor of 3. Especially important is the
strongly reduced breakthrough time since it corrobo-
rates nuclide transport through narrow water con-
ducting zones within the fault gouge.
Homogeneous transport through the fault gouge
would have led to a much more strongly retarded
breakthrough curve. The fast front edge of the ex-
perimental breakthrough curve, being noticeably
steeper and higher than predicted, is an indication
that Sr generates the high concentration gradient at
the interface from the water conducting to the porous
rock zone slightly more slowly than expected. The tail
on the other hand proves the predicted back-diffusion.
Comparison of prediction and experiment for the
more strongly sorbing Cs is shown in Fig. 5 (lower
part). The model did not predict the fast breakthrough,
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Fig. 5: Model predictions for a faster 1.7 m dipole
field. Upper part: The dramatic reduction of Sr
breakthrough time from the 4.9 m to the 1.7 m
dipole field was reasonably well predicted.
Lower part: The fast breakthrough of Cs was
not correctly predicted. It indicates an influ-
ence of sorption kinetics which is not impor-
tant in the slower 4.9 m dipole field nor in
safety assessments.
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but only the final tail. An additional calculation with a
low bulk sorption coefficient (K<j) shows that, in the
model concept, a mechanism is missing for repro-
ducing Cs breakthrough in the fast dipole. Lack of
sorption kinetics in the model is the most obvious
explanation.

6 CONCLUSIONS

From modelling studies of the Grimsel migration field
experiments, supported by the results of laboratory
studies on rock nuclide interaction and by geological
structural analysis, the following conclusions can be
drawn:

1. The model is able to represent breakthrough of
uranine, Na, Sr and Cs in the 4.9 m dipole migra-
tion experiment coherently. A high degree of ac-
curacy is achieved using a simple dual porosity
concept.

2. The good prediction of breakthrough for uranine,
Na and Sr in the 1.7 m dipole flow field confirms
the adequacy of the model in these conditions.
The poor prediction for Cs (with exeption of the
tail) indicates the influence of sorption kinetics
which is not important in the slower 4.9 m dipole
field nor in safety assessments.

3. The process of matrix diffusion is manifest
through the asymptotic tails of the breakthrough
curves decreasing with time as t~3/2 and having a
concentration height determined by the diffusion
process, both confirmed by the experiments. The
position of the experimental tail end perturbation
is also consistent with the matrix diffusion con-
cept.

4. The pore diffusion constant can only be deduced
from the fit if the breakthrough curve is measured
down to the tail end perturbation. This requires a
major experimental effort to measure the break-
through curve for a time period several orders of
magnitude longer and to lower concentrations
than the breakthrough peak.

5. The model parameters derived from the fit are
consistent with the underlying concept, and in line
with independent determinations. Of special note
is the agreement for sorption coefficients.

6. For nuclides sorbing rapidly (as well as linearly)
and exhibiting a reversible cation exchange proc-
ess on fault gouge (where geological processes
have grinded the rock), the laboratory sorption
coefficients can reasonably well be extrapolated
to field conditions, provided care is taken to select
and prepare the rock samples so as to ensure
that they reflect well the geological character of
the site.

The Grimsel migration field experiments, performed
with an exceptionally high precision, are a valuable
test of model and parameters. The modelling results
represent an important step in improving understand-

ing of nuclide transport mechanisms and contribute to
a increased level of confidence to the transport cal-
culations in the framework of safety assessments.
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THE DEGRADATION OF CELLULOSE : A PROBLEM FOR THE SAFETY OF A
RADIOACTIVE WASTE REPOSITORY?

L.R. Van Loon, M.A. Glaus, S. Stallone, A. Laube

In an alkaline cementitious environment, cellulose degrades rapidly via a peeling-off reaction. The main
degradation product is isosaccharinic acid (ISA), a polyhydroxy type of ligand forming stable complexes
with tri- and tetravalent radionuclides. ISA can have an adverse effect on the sorption of radionuclides to
an extent which depends on its concentration in the cement pore water. The concentration of ISA is gov-
erned by several factors such as cellulose loading, cement porosity, extent of cellulose degradation, etc.
The sorption of ISA on cement, however, is the process which governs the concentration of ISA in the
pore water. The ISA concentration in a repository with a cellulose loading of 5 % is calculated to be of the
order of 10-4 M. At this level, the effect of cellulose degradation products on radionuclide sorption is neg-
ligibly small.

1 INTRODUCTION

The sorption of radionuclides on repository compo-
nents (e.g. cement) is an important process since it
controls the release of radionuclides from the reposi-
tory [1]. A strong sorption of radionuclides is desirable
since it will allow only a small release of radionuclides
to the geo- and biosphere. The strong sorption behav-
iour of radionuclides, however, could possibly be de-
creased by several orders of magnitude by the pres-
ence of organic ligands. Ligands such as EDTA, NTA,
citric acid etc. are inherent components of radioactive
waste since these complexing agents are used in nu-
clear power stations for decontaminating purposes.
Other ligands might be formed by degrading organic
polymers present in low and intermediate level radio-
active waste [2,3]. Cellulose materials such as cotton,
paper and wood form a substantial part (ca. 50 %) of
the organic waste [1]. The use of large amounts of
cement for constructing a repository causes alkaline
environments in which the pH of the pore solution will
remain above 12.5 for periods of the order of 105

years [4]. It is well known from the literature that cellu-
lose is unstable under alkaline conditions and will de-
grade to water soluble, low molecular weight com-
pounds by the peeling-off reaction [5]. The main deg-
radation product of cellulose is isosaccharinic acid
(ISA), which is stable under alkaline conditions [5-9].
ISA enhances the solubility of Pu(IV) [7,8] and has an
adverse effect on the sorption of Eu(lll), Th(IV) and
Ni(ll) [6]. For instance, in a solution of 10-3 M ISA, the
solubility of Pu(IV) at pH 12 increases by a factor of
20000 [10]. The sorption of Pu(IV) [8], Eu(lll), Th(IV)
and Ni(ll) [6], however, is affected to only a minor
extent. The observed effects are - by analogy with
gluconic acid [11] - interpreted to be due to a strong
complexation of these metals.

A full assessment of the effect of cellulose degrada-
tion on the sorption requires a detailed understanding
of the mechanisms involved. The present study gives
an overview of the different processes involved and
describes how to quantify them and how to use them
in a safety assessment.

2 CHEMICAL AND PHYSICAL STRUCTURE OF
CELLULOSE

Cellulose is the most abundant organic material on
earth. It is the main component of vegetation, serving
as the structural material by which plants, trees, as
well as grasses have the strength to stay upright.
Cellulose is a linear macromolecule composed of up
to 10000 (1,4)-(3-D-glucopyranose monomeric units
(Fig. 1) [12]. The number of monomers in the chain is
called the degree of polymerisation (DP). A cellulose
molecule has a non-reducing end and a reducing one.
The reducing end is a latent aldehyde and, like an
aldehydo function, responds to both reduction and
oxidation processes; it plays the key role in the alka-
line degradation of cellulose.

CH2OH

non-reducing end reducing end

Fig. 1 : Chemical structure of cellulose, n is the num-
ber of monomers.

crystalline region amorphous region crystalline region

• reducing endgroup
o non-reducing endgroup

Fig. 2: Physical structure of cellulose [14].

The cellulose molecular chains are ordered into
strands as cellulose microfibrils through intra- and
intermolecular hydrogen bonding [13]. These microfi-
brils have crystalline and amorphous regions (Fig. 2);
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alkaline degradation takes place in the amorphous
regions of cellulose [14,15].

3 DEGRADATION OF CELLULOSE: PEELING-
OFF PROCESS

The degradation of cellulose under alkaline conditions
occurs via a fast "peeling-off" process and a slow
combined alkaline hydrolysis/peeling-off process. For
the conditions existing in a repository for low and in-
termediate level radioactive waste, only the fast peel-
ing off process is important [16] and will be discussed
here. The peeling-off reaction is an endwise degrada-
tion process by which a reducing end group is split off
from the cellulose chain resulting in soluble degrada-
tion products such as isosaccharinic acid.

G-G-G-G-G-G-G-G-G-Gr

peeling off OH

G - G - G - G - G - G - G r + x G e

chemical stopping

- ^ G - G - G - G - G - G - G m s a

physical stopping

G - G - G - G - G - G - G r,c

Fig. 3: Schematic presentation of the peeling-off re-
action. G is a glucose monomeric unit (gluco-
pyranose), Gr is a reducing end-group in the
amorphous region of the cellulose fibre and
G r c is a reducing end-group in the crystalline
region of the cellulose fibre. Gmsa is a stable
metasaccharinic acid end-group, the Ge elimi-
nated glucose units and x is their number.

The peeling-off process is controlled by two compet-
ing reactions : a progressive shortening of the cellu-
lose molecule in which glucose monomeric units are
successively eliminated (peeled off) from the cellulose
molecule (starting at the reducing end-group) and a
stopping reaction. The stopping reaction can be sub-
divided in a chemical and a physical stopping reac-
tion. The former is the transformation of a reducing
end-group into a stable metasaccharinic acid end-
group. The latter implies that a reducing end-group
reaches the crystalline region of the cellulose and is
no longer accessible to alkali [14]. A schematic pres-
entation of the peeling off reaction is shown in Fig. 3.
The endgroup split off (Ge) reacts further via a benzilic

acid type of rearrangement to isosaccharinic acid, the
main degradation product of alkaline degradation of
cellulose. The different reactions involved (chain
propagation, chemical and physical stopping reaction)
are all first order reactions [14]. The rate of alkaline
degradation of cellulose decreases continuously until
all reducing end-groups have been transformed to
end-groups no longer available for the peeling proc-
ess. At room temperature, the degradation of cellu-
lose stops after about one year [6,16]. The extent of
degradation is given by:

(celdeg) = ~ (Gr)0 - ( i -
kt

(1)

where: (celdeg) = fraction of cellulose degraded after
degradation time t, k-| = first order rate constant of the
peeling-off process, kt = first order rate constant of the
overall stopping process, (Gr)0 = mole fraction of re-
ducing end-groups in cellulose. The maximum amount
of cellulose degraded is:

( c e l d e g ^ (Gr)c (2)

From equation (2) it can be deduced that (celdeg)max

depends on the initial mole fraction of reducing end-
groups in the cellulose, (Gr)0, and on the ratio of the
rate constants of the propagation reaction and the
stopping reactions. The initial mole fraction of reduc-
ing end-groups is defined as:

_ number of reducing end-groups
r ° number of glucose units in the chain

One molecule of cellulose, containing n glucose units
(degree of polymerisation DP=n), has one reducing
end-group. Consequently, the mole fraction of reduc-
ing end-groups can be written as:

(4)
1_

DP

where DP = the degree of polymerisation.

Fig. 4 shows the extent of degradation as a function
of time for cellulose with a degree of polymerisation
(DP) of 118 and of 1110. The figure clearly shows that
the degradation practically comes to an end after ap-
proximately one year of degradation time.

The degree of polymerisation determines the extent of
degradation since, as shown in equation 4, the con-
centration of reducing endgroups, (Gr)0, is the inverse
of the degree of polymerisation [16]. The larger the
degree of polymerisation, the lower is the mole frac-
tion of reducing endgroups and the smaller is the de-
gree of degradation. Fig. 5 clearly shows the depend-
ence of the extent of degradation (celdeg) on the de-
gree of polymerisation of cellulose (DP).
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Fig. 4: Degradation of cellulose with different degree
of polymerisation as a function of time. Sym-
bols represent experimental data [6]. The
lines are calculated using equation (1); DP =
118: k, = 1.2-10-2 hrs-1, kt = 3.8-10-4 hrs-1;
DP= 1110: k, = 1.9-10-2 hrs-1 and kt =
4.5-10-4 hrs-1.
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Fig. 5: Dependence of the extent of degradation of cel-
lulose on the degree of polymerisation (DP). The
solid line is calculated using equation (2) with
k1 = 1.2-10-2 hrs-1, k t= 3.8-10-4 hrs-1. (Gr)0 is
calculated using equation (4). Symbols repre-
sent measured values [6].

4 EFFECT OF ISA ON THE SORPTION
OF RADIONUCLIDES

Isosaccharinic acid is a polyhydroxy carboxylic acid
and - by analogy with gluconic acid - is assumed to
form strong complexes with metals as follows:

H4ISA"+M',n+ (5)

According to a general coordination scheme [17], tri-
and tetravalent metals are exclusively bound to hy-
droxylic groups when conditions are alkaline.

COOH

HOCH2-C-OH

H-C-H

H —C —OH
I
CH2OH

COOH
I

H O C H 2 - C - O ,

H-C-H

H-C-O

CH2O

3 H

Fig. 6: Possible coordination of a trivalent metal ion
M(lll) with isosaccharinic acid according to a
general coordination scheme for polyhydroxy
ligands [17].

Fig. 6 illustrates such a coordination for a trivalent
metal ion M(lll). The complexes formed with polyhy-
droxy ligands are in general very stable. An indirect
indication of complexation is the effect of ligands on
the sorption of metals on a solid phase. Fig. 7 shows
the effect of pure ISA and cellulose degradation prod-
ucts on the sorption of Eu(lll) on feldspar at pH 13.3.
ISA and cellulose degradation products have an ad-
verse effect on the sorption of Eu(lll), the extent of
sorption depending strongly on the ISA concentration
in the liquid phase. From the similar effect on sorption
observed for ISA and cellulose degradation products,
it can be concluded that ISA is the main degradation
product. This was confirmed by additional chemical
analysis of the degradation products, showing that
about 80 % of the total organic carbon was identified
as ISA [6,18].

O3

6

5

4

3

1

0
-7

• cellulose
pure ISA

-3 -2 -1

Log(ISA) [M]

Fig. 7: Effect of ISA and cellulose degradation prod-
ucts on the sorption of Eu(lll) on feldspar at
pH = 13.3 (artifical cement pore water). The
shaded area represents the situation where
no ligands are present in the liquid phase [6].

The final effect of ISA on the sorption of radionuclides
depends strongly on the concentration of ISA in the
cement pore water. Assessment of the effect of cellu-
lose degradation on the sorption of radionuclides
therefore requires a quantification of the concentration
of ISA in the cement pore water. This concentration
depends on several factors such as:
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• cellulose loading in the cement,

• porosity of the cement,

• extent of degradation,

• sorption of ISA on cement,

• formation of weakly soluble salts with Ca,

• stability of ISA under alkaline conditions.

The cellulose loading of the cement is fixed for a
given type of waste. An average loading value is of
the order of 2-5 %. The extent of degradation de-
pends on the degree of polymerisation. A typical value
for the cellulosic materials in a repository is about
1000. The corresponding extent of degradation by the
peeling off reaction for these cellulosic materials will
be about 3 %. The maximum concentration of ISA in
the pore water of a cementitious repository could be
limited by solubility constraints. It is known from the
literature that ISA forms weakly soluble salts with
Ca2+[19]:

TTTTTTTFI TTTTTTTTj TTTTTTIT1 r 1 I TITTIj 1 1 1 Mini

Ca(ISA)2 • Ca2+ +2 ISA" (6)

and hence the Ca2+ concentration in a cement pore
water could set an upper limit on ISA concentrations.
The corresponding solubility product (Kso) of
Ca(ISA)2 is defined as

- aCa (7)
with:

= the activity of Ca2+ in solution,
aiSA = t n e activity of ISA in solution.

The value for log Kso was determined to be -6.22 ±
0.03 at ionic strength I = 0 [20]. This solubility product
can be used to calculate the maximum concentration
of ISA which may be present in cement pore waters.
The equilibrium concentrations of ISA calculated ac-
cording to the solubility limits of Ca(ISA)2 in a cement
pore water (pH = 13.3) in equilibrium with Ca(OH)2 is
0.05 - 0.1 M [20].

A more important process is the sorption of ISA on
cement. ISA was found to sorb strongly on the sur-
face of cement. The sorption behaviour can be de-
scribed by a Langmuir type of isotherm, assuming two
sorption sites [21]:

q 2 K 2

where q is the amount of ISA sorbed on the cement in
mol-kg-1, qi is the sorption capacity of sorption site 1
and q2 the one of sorption site 2. K<[ and K2 are the
sorption coefficients for the two sorption sites.

Figure 8 shows the sorption isotherm of ISA on Port-
land cement. The sorption of ISA on cement is a very
important process since it can significantly reduce the
concentration of ISA in the cement pore water and
consequently can reduce its adverse effect on the
sorption of radionuclides.
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Fig. 8: Adsorption isotherm of ISA on Portland ce-
ment at pH 13.3 [21].

The final concentration of ISA that can be expected in
a cement pore water for a given cellulose loading can
be estimated by combining the different processes
discussed. Fig. 9 outlines the different processes in-
volved.

SOLID CELLULOSE

AMOUNT OF ISA IN
POREWATER

CONCENTRATION OF
ISA IN PORE WATER
BEFORE SORPTION

CONCENTRATION OF
ISA IN PORE WATER
AFTER SORPTION

EFFECTOF ISA ON
THE SORPTION OF
METALS

cellulose in cement

ISA in pore water
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0SA) e q

Sorption reduction

- celdeg
-cellulose loading

- porosity P

-sorption q
- solubility constraints Ks

sorption of radionuclides
-as a function of ISA in

pore water

Fig. 9: Flow diagram for calculating the concentration
of ISA in a cement pore water of a repository
with a given cellulose loading and the result-
ing effect on metal sorption.

Fig. 10 shows the calculated ISA concentration in the
porewater of a repository as a function of the cellulose
loading. The parameters used are listed in Table 1.
The effect of sorption on the concentration is clearly
illustrated in this plot. One can see that the sorption
process reduces the concentration of ISA in the pore
water by almost three orders of magnitude. For a re-
pository with a typical cellulose loading of 3 - 5 %, the
concentration of ISA is reduced from 0.1 M to about
10-4 M. From Fig. 7 it is clear that the effect of 10-4 M
ISA on the sorption of Eu(lll) is negligible small. A
similarly small effect was also observed for Th(IV) and
Ni(ll) [6].
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Parameter

cellulose loading
porosity
DP

ki

kt

Ki

qi
K2

cement

Value

0.01-10%
10%
1000
3.7-10-2 hrs-1

6.9-10-4 hrs-1
1730 ImoH
0.1 mol-kg-1
12 ImoH
O.17molkg-1
580 kgm3

Table 1 : Parameters used to estimate the concentra-
tion of ISA in the pore water of a cementi-
tious repository with varying cellulose load-
ing.
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F ig . 10: Estimated concentration of ISA in the pore
water of a cementit ious repository for varying
cellulose loading. The solid line represents the
situation when ignoring the sorption of ISA on
the cement. The dashed line reflects the ef-
fect of sorption of ISA on the cement.

5 CONCLUSIONS

Under the alkaline conditions existing in a cementi-
tious repository for low and intermediate radioactive
waste, cellulose initially degrades via a fast peeling-off
process to water soluble degradation products. The
extent of degradation depends on the degree of po-
lymerisation (DP) of the cellulose. For a cellulose with
DP = 1000, at most only a few percent of the cellulose
will degrade in this way. The main degradation pro-
duct is isosaccharinic acid (ISA), a polyhydroxy type
of ligand, which forms stable complexes with metals,
especially under the alkaline conditions of a cementi-
tious repository. As a consequence ISA has an ad-
verse effect on the sorption of metals on cement. The
effect depends strongly on the concentration of ISA in
the cement pore water. The concentration of ISA in
the pore water is strongly controlled by its sorption

equilibrium on the cement phase. For a repository
with a cellulose loading of 3-5 %, the concentration of
ISA expected is of the order of 10-4 M. At this
concentration level, ISA has only a small effect on the
sorption of radionuclides.

In a second phase, the remaining cellulose will de-
grade slowly by a combined alkaline hydrolysis and
peeling-off process. However, this process results in
only negligible amounts of ISA in the pore water [16]
and may be neglected in safety assessment studies.
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PREDICTION OF THERMOPLASTIC FAILURE OF A REACTOR PRESSURE VESSEL
UNDER A POSTULATED CORE MELT ACCIDENT

G. Duijvestijn, J. Birchley, K. Reichlin

This paper presents the lower head failure calculations performed for a postulated accident scenario in a
commercial nuclear power plant. A postulated one inch break in the primary coolant circuit leads to dry-
out and subsequent meltdown of the core. The reference plant is a pressurised water reactor without
penetrations in the reactor vessel lower head. The molten core material accumulates in the lower head,
eventually causing failure of the vessel. The analysis investigates flow conditions in the melt pool, tem-
perature evolution in the reactor vessel wall, and structure mechanical evaluation of the vessel under
strong thermal loads and a range of internal pressures. The calculations were performed using the ADINA
finite element codes. The analysis focusses on the failure processes, time and mode of failure. The most
likely mode of failure at low pressure is global rupture due to gradual accumulation of creep strain over a
large part of the heated area. In contrast, thermoplasticity becomes important at high pressure or follow-
ing a pressure spike and can lead to earlier local failure. In situations in which part of the heat load is con-
centrated over a small area, resulting in a hot spot, local failure occurs, but not until the temperatures are
close to the melting point. At low pressure, in particular, the hot spot area remains intact until the structure
is molten across more than half of the thickness.

1 INTRODUCTION

Assessment of the source term (the release to the
environment of radioactive material from a nuclear
reactor) due to a postulated, though extremely un-
likely accident sequence is a routine part of the safety
analyses required for operation of a Nuclear Power
Plant (NPP). Such an accident would, typically, in-
volve the loss of coolant to the reactor core for an
extended period of time.

Following the loss of coolant, the fluid inventory be-
comes progressively depleted as water is boiled away
until the core itself dries out and heats up. If cooling is
not restored, the core melts down and a large mass of
molten material then slumps into the lower head of
the reactor pressure vessel (RPV). Contact between
the very hot core debris and the inner surface of the
RPV leads to failure of the vessel structure and re-
lease of radioactive fission products to the contain-
ment building. Depending on the details of the thermal
and hydraulic behaviour, and the material interactions
during the meltdown, the core material might drop to
the lower head as a single large mass or in several
partial slumpings. The material might be almost en-
tirely oxidic or contain a significant fraction of metallic
species. Upon slump it may remain as a coherent
mass or break up into fragments as it drops into the
residual water. Although the core is likely to be mainly
void of liquid at the time of slump, a significant quan-
tity of liquid may still remain in the lower head at this
time. The internal pressure might be low (a few bars)
or high (several tens of bars), nearly constant or
varying. Depending on the mode, timing and circum-
stances of the structural failure, some of the radioac-
tivity may be released to the environment. It is the
purpose of these analyses to characterise the phe-
nomena that control this chain of events, and hence
provide input with which to assess the possible
source term.

We examine a particular accident, in which a hy-
pothesized break, defined here as a circular hole one
inch in diameter, has occurred in one of the main
primary coolant pipes. It is also assumed that the
supply of emergency coolant, designed to provide
core cooling following such an accident, was not
maintained in the long term, and that the plant op-
erators did not adopt emergency measures to reduce
the system pressure.

We examine the thermal and mechanical response of
the lower head using the ADINA family of codes. The
starting point is the core slump that resulted from the
prolonged loss of core cooling and the consequent
heat up and melt-down. The initial and boundary con-
ditions for analysis of the lower head response are
obtained from results of a calculation of the system
thermal-hydraulic and core damage behaviour, using
the computer code SCDAP/RELAP5 [1]. The calcula-
tion traces the depletion of coolant, the pressure tran-
sient, the core heat up, and the meltdown which cul-
minates in slump to the lower head of molten debris
comprising slightly more than half of the core fuel
material. The SCDAP/RELAP5 analysis suggests that
the thermal attack on the vessel lower head could
take place over a wide range of internal pressures,
since the break might be too small to allow the reactor
system to depressurise by direct venting of steam.
One possibility is that emergency coolant might be
restored at a late stage in the sequence-too late,
perhaps, to interrupt the core melting or to prevent the
attack on the lower head. There is a strong likelihood,
however, of a pressure spike and hence an increased
mechanical load. We therefore examine the effect on
the failure process of transient pressure and of heat
flux distribution.

The calculation strategy is outlined in section 2, and
section 3 describes briefly the computational meth-
ods, including input assumptions and some validation.
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The thermal and mechanical response are described
in sections 4 and 5 respectively. The main findings
are presented in section 6.

2 STRATEGY

The essential part of the failure analysis method is the
finite element program package ADINA (Automatic
Dynamic Incremental Nonlinear Analysis) which fur-
nishes several main programs and a set of pre- and
post-processors. The computational procedure con-
sists of three successive stages. In the first stage, a
thermal analysis is carried out, with different thermal
boundary conditions which simulate the thermal at-
tack on an RPV in various ways. As a preliminary, a
calculation with ADINA-F is performed in order to
establish the time, temperature and spatial depend-
ence of convective heat transfer. Convection within
the molten region greatly enhances the heat flux at
the surface in comparison with thermal conduction
alone. In order to simulate the increased heat trans-
fer, we introduce [2] a multiplier for the debris con-
ductivity at temperatures above the melting point. This
multiplier for the effective conductivity used in the
ADINA-T code is related to the Nusselt number [3] for
the melt pool. The code ADINA-T allows for a wide
variety of boundary conditions as well as for tem-
perature dependence of the material constitutive
properties. In the thermal analysis, only the original
geometry of the structure can be considered. Influ-
ence on the heat transfer from deformations which,
for instance, result from the thermal expansion or
from the melting material, is not taken into account.

In the second stage, a stress analysis is performed
assuming the thermally induced loads computed be-
fore, but without any further interactions with the
thermal analysis. Both dead weight and pressure can
be applied as mechanical loads. ADINA allows arbi-
trary, nonlinear stress-strain relations, ranging from
elastic to fully plastic behaviour, including creep ef-
fects, all with temperature dependence.

In the third stage, the solution found in time incre-
ments must be checked to verify whether local or
global failure of the RPV occurs, i.e through a small
breach or by tearing off a large part of the lower head.
For this check, special termination criteria (based on
melting point TMp and ultimate strain eu) are used
within the computer code to establish from which
conditions onwards the character of the problem has
fundamentally changed.

Modelling parameters and computational procedures
have been thoroughly validated against small scale
experiments in the CORVIS project [2,4,5], an ex-
perimental program conducted at PSI to investigate
phenomena involved in the failure process of an RPV
when subjected to contact by molten core material.

3 METHOD

3.1 Temperature field

The FE thermal model of the lower head consists of
conduction elements with appropriate boundary con-
ditions. The model represents the whole of the lower
head hemispherical shell and the region inside occu-
pied by debris. The lower head shell has an inner
radius of 2.225 m, and a thickness of 0.131 m. A variety
of treatments are used for the heat transfer from the
top surface to overlying water or to other structures
inside the RPV. Retro-radiation from internal struc-
tures in the RPV is also taken into account. The initial
temperatures are prescribed. According to the differ-
ent debris materials, the model is divided into element
groups with different material properties.

Firstly, we assume perfect contact between debris
and RPV shell. This is an essential point in determin-
ing the course of failure. As already seen in the TMI-2
accident [6], the formation of a debris crust on the
inner surface of the RPV shell and the subsequent
opening of a gap at this interface can strongly reduce
the heat flux and hence modify the thermal evolution
of the RPV shell. The bounding assumption of perfect
contact tends to predict an earlier failure time. If ther-
mal resistance due to a gap is assumed at the inter-
face between debris and RPV shell, the failure proc-
ess might be considerably slower.

Input parameters as taken form the SCDAP/RELAP5
calculation are: The slumped debris mass consists of
48805 kg UO2> 5575 kg ZrO2, 7964 kg Zr, and
2121 kg Ag. We consider the silver to be segregated
down from the homogeneous bulk debris to form a
separate lower layer without heat generation. Initial
temperature of the debris mixture is 2200°C, of the
silver 235°C; the shell is at 135°C. The power density
for the assumed conditions and time after reactor
shutdown is 1.13 MW/m3, based on ANS decay heat
tables. The outside surface of the shell is confined
and insulated; therefore we impose an adiabatic
boundary condition.

In order to investigate spatial effects of distributed
heat flux of the debris to the RPV shell, we introduce
a full 3-D model with a defined hot spot. This model is
restricted to only the RPV shell, to which a prescribed
heat flux distribution is imposed with the same total
heat transfer as the spatially and temporally averaged
heat flux calculated in the axisymmetric case. We
considered a hot spot area of 0.045 m2, with a heat
flux of 300 kW/m2, and a uniformly distributed heat
flux of 60 kW/m2 elsewhere on the part of the inside
surface of the shell in contact with debris.
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Fig. 1: Mechanical material properties of 20 MnMoNi 5 5

3.2 Thermal convection

In order to provide additional confidence in the ther-
mal conduction calculation method, and to identify the
heat driven flow patterns, which themselves deter-
mine the spatial distribution of heat transfer, we per-
formed a computational fluid dynamics (CFD) calcula-
tion with the ADINA-F code. The model [4] encom-
passes all those features of the problem which are
incorporated in the ADINA-T calculation. The RPV
shell is considered to remain intact, and not to un-
dergo any ablation. This is modelled by fixing the
velocity degrees of freedom. Thermal conductivity
was set to the nominal values for the prevailing condi-
tions.

3.3 Structural mechanics

The structural problem concerns the RPV shell only.
Dead weight of the debris and internal pressure are
introduced by application of a pressure loading on the
inside shell surface. The shell is hinged along its top
edge, with no displacement in the vertical direction.

The solution for the shell temperature distribution was
modified such that all temperatures above the melting
point of the shell were reset to this value in order to
reduce numerical problems. A certain minimal load
carrying threshold is specified for this temperatures.
Those elements exceeding the melting temperature
were then considered to have failed and provide no
structural strength.

The material of the RPV bottom shell is the reactor
steel 20 MnMoNi 5 5, similar to US-referenced ASTM
SA 533 Class B. Mechanical material properties were
obtained from experimental results [7,8,9,10] for re-
actor steels. Fig. 1 shows the parameters used in this
analysis. We used a temperature dependent set of
multi-linear stress-strain curves with a separate im-
proved Norton creep law formulated by Graham and
Walles, implemented in ADINA as the multi-parameter
expression [11]:

with

Ao

0.059 1.73

A2

0.272

A7

9.2 103

We found these parameters with the help of a least
square interpolation [12] based on the Marquardt-
Levenberg algorithm, without using the Lagrange
multiplier, to fit to discrete time-strain relations [9] at
different constant temperature and constant stress
levels.

A 3x3 Euler backward implicit integration was adopted
to solve the structure mechanical equations. Equilib-
rium iterations were performed after each time step
with the iterative solver using a full Newton scheme
with line search. The axisymmetric stress and strain
fields are representated with 9 node elements with 3
pressure degrees of freedom (u/p formulation). We
also investigate spatial effects with a full 3-D calcula-
tion, using 27 node elements, with 9 pressure de-
grees of freedom. We chose the Updated Lagrange-
Hencky formulation [13] to account for large dis-
placements and large strains. For plastic deformation
we included the von Mises yield criterion, isotropic
hardening and the associated flow rule.

The temperature transients corresponding to the axi-
symmetric and concentrated heat flux distributions
described in section 3.1 provide the starting points for
the mechanical response. In each case we investigate
the failure process under both a constant pressure
loading of 2 MPa, simplified from the SCDAP/RELAP5
transient results, and the effect of a pressure spike of
up to 17 MPa. Finally we determine the critical pres-
sure load (i.e. the pressure at which immediate failure
occurs) at several discrete times, for both temperature
histories.
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Fig. 2: Simulation of necking in a tensile rod, with
deformed mesh superimposed on test rod.

3.4 Validation

The numerical methods and material behaviour have
been extensively validated against experimental data.
In this way models that simulate the separate proc-
esses involved in the RPV failure process have been
individually qualified. To verify the ability to calculate
correctly the large plastic strains, the hardening, and
the transition to multi-axial stress, we calculate the
necking and failure of a bar placed under tension. The
bar is made of 20 MnMoNi 5 5 steel [14] - the same
kind as used for the RPV. Fig. 2 shows that the load-
elongation curve is followed correctly, and the necking
process at the centre of the tensile rod is rendered
accurately. A small geometric imperfection was intro-
duced in order to initiate bifurcation leading to a multi-
axial stress state at the tensile rod centre.

The COR VIS project has provided a large amount of
data with which to validate our models for simulation
of several physical processes acting together: heat
transfer between different materials, melting, radiation
and convection, operating in conjunction with each
other. Fig. 3 shows the use of the strain based failure
criterion applied to the CORVIS 03/1 [15] experiment.
In this experiment a penetration tube was exposed to
a flowing iron melt at 2300°C, and failed a short time
after first contact with the melt. The thermal transient,
subsequent melting and plastic failure of the tube was
modelled satisfactorily with appropriate assumptions.
We found good agreement between calculated and
experimental failure time and location.

Original
i i

4.3 mm

Deformed

2.2 mm

Elastic

Plastic

Failed

Fig. 3: Simulation of drain line tube failure in the
CORVIS 03/1 experiment.

4 TEMPERATURE EVOLUTION

The influence of several parameters on the tempera-
ture transient have been documented in [16]. Here,
we restrict attention to a base case following the tran-
sient scenario [1] calculated with SCDAP/RELAP5.
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Fig. 4: Temperature distribution and flow field at 150 s.

Velocity
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4.1 Flow field

The CFD calculation in this analysis provide qualita-
tive support for the models for heat transport used
here. There is a dependence of the heat fluxes on the
azimuthal position on the shell inner surface, with the
largest heat fluxes towards the top of the melt pool.
The CFD calculation shows how the thermal gradients
drive a natural convection within the pool. At the very
early stage the flow is almost entirely restricted to a
thin boundary layer near the wall. After a few minutes
the layer begins to diffuse into the bulk fluid, while in
addition, the internal heat generation drives an up-
ward flow within the region molten fuel. Mechanical
shear at the interface with the lower layer containing
metallic control material induces circulation in that
region also. After about 150 s a slowly varying flow
pattern has evolved, (Fig. 4). The flow can be char-
acterised by a Reynolds number of about 10, and a
Rayleigh number of about 1012.

The initial thermal gradient close to the RPV shell
thus dictates the early evolution of the flow field in the
melt. This is in contrast with a slower development
that might be expected as a result of internal heat
generation alone, starting from uniform temperature
throughout the melt and RPV structure. The thermal

Temperature *C

i 1400

hotspot model axisymmetric model

Fig. 5: Temperature distribution of axisymmetric
and hot spot cases at t = 6000 s.

boundary layer thus accelerates the evolution of the
internal circulation. The hotter flares in Fig. 4 show
the temperature gradient along the colder RPV wall.
This gradient acts as a driving force for convective
circulation. The heat fluxes along the RPV wall inside
surface are therefore clearly larger than those ob-
tained by ADINA-T. According to this relation, the
conduction multiplier of 100 adopted for the ADINA-T
calculation might be a bit low. Asfia and Dhir [3] pro-
pose a relation between the Rayleigh number and the
Nusselt number for hemispherical geometries, where
the Nusselt number provides an appropriate conduc-
tivity multiplier for use in a solid element model.

4.2 Temperature fields

The presence of debris in the lower head results in
heating of most of the RPV shell towards its melting
point (1500°C) over a time period of 9000 s.

Fig. 5 shows the contrast between the thermal evolu-
tion in the shell for the nearly uniform (axisymmetric)
and concentrated heat flux (hot spot) cases. The hot
spot is located where the surface is inclined at an
angle of 24°, and occupies an area of 0.045 m2.
Melting at the inner surface first occurs at about
3500 s in the hot spot centre. Temperatures on the
inside surface in the hot spot at this time are about
750°C higher than for the axisymmetric case. On the
outside surface this difference is about 350°C.

5 MECHANICAL RESPONSE

The mechanical response shows two different
mechanisms which lead to failure. The creep proc-
esses dominate mechanical failure under relatively
low mechanical loads. At higher loads, plastic effects
become more important in the path to failure. Ther-
moplasticity is caused by mutual interaction between
two effects: plasticity induced by the increasing load
and reduction of the material strength due to the rising
temperature. The relative importance of these two
depends on the conditions and differs for the various
cases examined.
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5.1 Axisymmetric response

The axisymmetric case under constant pressure
demonstrates mainly creep effects. A slight plastifica-
tion occurs at the start of the transient, but after initial
hardening accumulated plastic strains do not in-
crease. Thermal expansion on the inside surface in-
duces a compression band (Fig. 6) which propagates
through the thickness of the shell as the temperature
profile evolves. The compressive stresses on the shell
inside cause tensile stresses towards the outside of
the shell. When a sufficiently large portion of the shell
has heated up throughout the thickness, the material
integrity starts to degrade, which results in stress
release. The RPV shell starts sagging strongly at
5000 s although the stresses are well below the yield
limit.

0 2000 4000 6000 6000 0 2000 4000 6000 8000

time [s] time [8]

Fig. 7: Strains at several locations at the outside
shell, axisymmetric model, p = 2 MPa.

Fig. 7 shows accumulation of total strains at a similar
rate at several shell locations, which indicates that
creep induced global failure is most likely to occur.
Even when failure occurs at one isolated location, the

adjacent regions are already close to failure. A maxi-
mal displacement of 80 mm at the bottom of the shell
has developed at the time of failure. Temperatures at
failure range from 1300°C at the inside surface to
1050°C at the outside surface in the hottest region.

5.2 Hot spot response

Despite the comparatively large thermal gradient in
the direction leading away form the hot spot, the
stresses through the thickness show a similar behav-
iour to those in the axisymmetric case. However the
stress level in the hot spot is considerably higher. Fig.
8 demonstrates the hardening effect of the compres-
sion band propagating through the thickness. Initially,
the yield stress increases through hardening from the
inside surface outwards. With increasing temperature
the material weakens, as can be seen from the de-
creasing yield stress. When the outer surface starts to
weaken, the constraining effect on the compressive
stress state on the shell inside reduces, and the shell
can deform more freely outwards. The region around
the hot spot pole is mostly under tension from the

Fig. 8:

0 20 40 60 80 100 120 140

wall thickness [mm]

Stress progression and hardening through the
shell thickness in the hot spot, p = 2 MPa.
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start of the transient onwards, but well below the yield
limit. In a late stage (Fig. 9), the yield stress has low-
ered so much that the outside surface accumulates
plastic deformation again, at a very fast rate, and
failure occurs quickly after this moment. The inside
surface is still under compression, and does not ac-
cumulate strains in such a dramatic way.

A different mechanism operates at very low internal
pressure. In that case, the difference in failure time
between the uniformly heated up shell and the hot
spot case is relatively small. The colder area around
the hot spot confines the very much weaker material

Original Deformed

146.9 mm 25.8 mm

in the hot spot centre until a very late stage. Failure
occurs when outside temperatures in the hot spot
centre approach melting, and already half of the shell
thickness is molten. The hot spot does not experience
creep failure at temperatures which would lead to
global failure when the shell is heated uniformly. In-
stead, the hot spot fails through thermoplastic effects
at high temperatures.

5.3 Pressure peak

The path to failure following an increase in pressure
depends on the relative magnitudes of temperature,
temperature gradient and pressure, and on the hot
spot location. The parameters are too many to allow a
simple general statement of the failure mechanism.
Obviously the hot spot area is pushed outwards to
failure. Fig. 10 shows such a deformed structure after
a pressure peak.

Deformed
I I

29.6 mm
Accumulated effective

plastic strain
I 0.25

0.20

! 0.15

0.10

0.05

0.00

Fig. 10: Deformed structure with hot spot tempera-
ture loading at 5500 s, p = 8.95 MPa.

Fig. 11: Effective plastic strains on deformed struc-
ture at 4000 s, p = 17.30 MPa.

Plastification begins at the outside of the structure in
all cases (Fig. 9 and Fig. 11), due to the high ther-
mally induced tensile stresses. These would normally
result in material failure occurring first near the outer
surface. However, the failure strain of 20 MnMoNI 5 5
steel increases with temperature to reach a maximum
at 750°C, and then decreases as the material is
heated further. Although in most of the cases ana-
lysed, failure begins at the outside, in the example
shown in Fig. 12 the pressure increase occurs when
the local structural temperature is already well above
this maximum point. As a result the failure criterion is
first reached at the hotter inner surface. Whether fail-
ure is initiated at the inner or outer surface therefore
depends not only on the material characteristics but
also on the thermal and mechanical loading histories.
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Fig. 12: Detail of structure with failed elements directly
before failure at 5000 s, p = 11.56 MPa.

The pressure needed to provoke rupture, defined as
occurring when the material has failed right across the
thickness of the shell, is shown at several discrete
times during heating of the shell, in both the axisym-
metric and hot spot cases (Fig. 13). There is a smooth
decrease in rupture pressure with increasing time,
and hence temperature.

The hot spot cases show clearly a localised failure
with breach diameter smaller than the hot spot size. In
the axisymmetric case under pressure (Fig. 14) the
region where large plastic strains occur is also small,
relative to the size of the hottest area of the shell. It is
therefore plausible that even in this case a local fail-
ure might occur, because the RPV system will de-
pressurise quickly as soon as a breach forms and
halt the failure process. This situation contrasts with
the low pressure case examined in section 5.1, where
creep deformation is the principal mechanism. This
indicates that a small variation in temperature distri-
bution can induce local failure under high pressure.
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6 CONCLUSIONS

The analysis has investigated the processes likely to
play a dominant role in the failure of an RPV when
subjected to extreme heat loads, following a core melt
accident. We identified the respective roles of creep
and thermoplasticity as the main controlling proc-
esses in the path to failure. Both high stress due to
increasing mechanical load and thermal stresses, and
the decreasing material strength caused by increased
temperatures will cause plastic deformation.

When the RPV shell is subjected to a nearly uniform
heating at low pressure, creep effects play a dominant
role, and a global failure is expected at temperatures
well below the melting point after about 7800 s for the
assumed conditions. In the event of a pressure peak,
plastic effects become more important, and an earlier
local failure may occur, even when the shell has been
heated fairly uniformly. This somewhat surprising
result is due to the fact that the yield stress is quite
sensitive to temperature, so that a small region can
deform plastically while nearby locations at a slightly
lower temperature remain below the yield limit. Aver-
age shell temperatures at rupture typically range from
900°C, following a very sharp spike, and 1200°C, in
the event of a minor pressure increase. The time
needed to reach these temperatures is between 4000
to 8000 s.

If the RPV shell is subjected to a concentrated heat
load but with the same total heating power as for the
nearly uniform heat flux, failure does not take place
under low pressure until melting temperatures have
been reached through more than half the shell thick-
ness. This was found to occur at 6800 s. The RPV
however experiences local failure at an earlier time
than would occur under the uniform heating se-
quence. Average shell temperatures in the hot spot
range from 1250°C to almost melting temperature at
the time of failure under pressure. For the pressure

Accumulated effective
plastic strain

0.12

i Temperature ['C|
1 " 900

Original Deformed

0 0 9 116.3 mm 116.3 mm

0.06

0.03

0.00

Fig. 13: Rupture pressures for both heat up sequen-
ces based on average shell temperature.

Fig. 14: Effective plastic strains and shell tem-
perature on deformed structure at 6300 s,
p= 15.69 MPa.
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range considered rupture occurs between 4000 s and
7000 s.

Further refinement of the simulation can be expected
with some new code features, where the pressure
load is transmitted across failed elements, and a
melting criterion can also be used to eliminate ele-
ments from the finite element model.
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A NOVEL METHOD FOR DIRECT DETERMINATION OF THE EFFECT
OF NEUTRON IRRADIATION EMBRITTLEMENT

D. Kalkhof, K. Krompholz

This work describes a proposed novel procedure for performing fracture mechanics testing with pre-
cracked Charpy specimens. The static test procedure is based upon the determination of J,, the elasto-
plastic fracture toughness parameter for crack initiation. The crack initiation point is measured by means
of the d.c. potential drop technique. The results are validated with fractographical investigations. The ef-
fect of neutron irradiation can be directly determined by means of the proposed method.

1 INTRODUCTION

The established practice for monitoring the change in
material properties by neutron irradiation in Light
Water Reactors (LWRs) of American origin and de-
rived therefrom is a surveillance programme. Due
mainly to the space available in the reactor pressure
vessels, it is not possible to include a sufficient num-
ber of fracture mechanics specimens of appropriate
type and size in the surveillance programme to de-
termine the fracture toughness vs. temperature curve
in the irradiated condition. Therefore, present irradia-
tion surveillance programmes to monitor neutron irra-
diation effects are based mainly on tensile and
Charpy-V notch impact specimens and can only de-
termine the effect of neutron irradiation indirectly, i.e.
by means of a correlation which provides estimates of
the brittle-ductile transition temperature shift, from
which the reduction in fracture toughness can be de-
rived. The aim of our investigations is to develop a
test procedure for the direct determination of irradia-
tion induced temperature shift.

2 CONCEPTS FOR THE RADIATION EMBRIT-
TLEMENT ASSESSMENT

2.1 Fracture Toughness Reference Curve

The currently most widely accepted and applied
method for determination of the embrittlement effect is
based on the Reference Temperature for ^on-Ductile
Transition RTNDT. as is defined in article NB 2331
(Fig. 1, left side) in conjunction with the Fracture
Toughness Reference Curve k|R = f (T - RTNDT). as is
shown in Appendix G of the ASME Code Section III
[1] (Fig. 1, right side). A key assumption is that of
identical temperature shifts of the Charpy-V notch
transition curves (from the surveillance programme)
and the pressure vessel material fracture toughness
behaviour, as expressed by the km = f (T - RTNDT) -
curve; from these curves the fracture toughness after
irradiation can be determined and the RPV integrity
evaluated.

The Reference Temperature RTNDT for the initial
material state must be obtained from drop-weight
tests and Charpy impact tests according to the appro-
priate standards [2,3]. RTNDT is the lower of the tran-
sition temperatures determined in both tests. For ob-
taining the fracture toughness for irradiated reactor

pressure vessel steel, the Reference Curve is simply
shifted to a higher temperature by an amount equal to
the 41 J Charpy-V notch energy shift (AT41) as shown
in Fig. 1. This procedure assumes that the T41 shift
represents the RTNDT shift, and that the shapes of
these curves do not change as a consequence of
irradiation.

2.2 Safety margin consideration

In the U.S. Regulatory Guide [6], [7] the significant
parameter to characterise the state of embrittlement is
the so-called Adjusted Reference Temperature (ART
or RTNDTJ)- The temperature shift for the Fracture
Toughness Reference Curves is defined as an aver-
aged AT41 obtained from Charpy-V notch tests with
both unirradiated and irradiated specimens, to which
is added a safety margin (Fig. 1, lower part). Safety
margins are used worldwide to allow for uncertainties
and for unknown factors in assessments.

It is necessary to differentiate between uncertainties
in the many input parameters and uncertainties in the
parameters finally used to judge the safety or integrity
of a component. Important input parameters of irra-
diation embrittlement are neutron fluence, irradiation
temperature (low temperature neutron exposure in-
creases strongly the irradiation damage), steel com-
position and microstructure. Other phenomena which
may add synergistic effects to irradiation embrittle-
ment are thermal ageing, temper embrittlement, strain
ageing and hydrogen embrittlement.

The postulated safety margin specified in the U.S.
Regulatory Guide is obtained from statistical analyses
of surveillance programme results of different U.S.
nuclear power plants. To improve the treatment of
safety margins it is necessary to use the methods of
reliability analysis. The objective of reliability analysis
methods is to estimate the probability of failure. The
approach involves the formulation of an expression
for the failure probability where the input parameters
are considered as distributed variables. These distri-
butions represent either known scatter in material
properties or uncertainties in estimate of loading and
other parameters.

2.3 Master Curve Concept

For ferritic steels the plane strain fracture toughness
corresponds usually to brittle cleavage fracture. The
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need for statistical modelling of cleavage fracture
initiation has been acknowledged during the last few
years. Most of the models are based on the assump-
tion that cleavage fracture initiation behaves like
weakest link i.e. one single critical event is sufficient
to cause macroscopic failure.

Even though the models may differ quite a lot in their
basic assumptions of the microscopic fracture
mechanism, macroscopically they still yield similar
results.

The Master Curve Concept by Wallin [8] is a descrip-
tion of the temperature dependence of brittle fracture
toughness without a relationship to a reference tem-
perature. The procedure seeks a statistical post-
processing of measured data. The Master Curve
Concept implies that the scatter of brittle fracture
toughness results is a Weibull distribution [9]. The
resulting equation for the temperature dependence of
plain strain fracture toughness is called the Master
Curve. The Master Curve Concept evidences that the
results can be corrected for thickness. Even though
definitive proof of a statistical model based equation is
very difficult, the successful application of the equa-
tion for more than 100 materials provides strong vali-
dation.

Often fracture mechanics assessments of compo-
nents have to be performed without having the possi-
bility of performing a direct determination of plain
strain fracture toughness, because there is not suffi-
cient specific or representative material available for
fracture mechanics specimens to be manufactured to
give plain strain fracture toughness values for that
specific purpose. Also sometimes one wishes to per-
form assessments at higher toughness levels and

temperatures than those for which plain strain fracture
toughness results can be obtained. In such cases one
must rely on an indirect determination of fracture
toughness (reference curve concepts) or on the pro-
posed method, described below.

3 FRACTURE TOUGHNESS TESTING OF
SMALL BENDING SPECIMENS

3.1 Measurement of J(Aa) by means of the d.c.
potential drop technique

The description of ductile tearing behaviour from
toughness tests is generally presented in the form of
a graph of strain energy release rate (J) against
crack extension (Aa) and is called the Resistance (R)
curve. It is found that blunting of the original crack tip
occurs first and then tearing starts; the J-Aa curve is
then often close to a straight line of reduced slope. It
is often difficult to define the instant of initiation of
tearing precisely and it is now a common convention
to adopt the value corresponding to 0.2 mm crack
extension as the initiation value of J [12]. For some
years the conventional view has been that the J-Aa
curve can applied to structures provided the extent of
ductile tearing remains within the original plastic zone
ahead of the initial crack. It is found, however, that the
slope of the J-Aa curve depends on the type of test,
with the lowest slope generally found for side grooved
deeply notched bend (SEB specimens) or compact
tension tests (CT specimens). The aim of this re-
search is to determine the elasto-plastic fracture
toughness parameter for crack initiation (Jj) which is
not related to the slope of the J-Aa curve but is in-
stead related to the micromechanism of crack propa-
gation.
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Fig. 2: Potential drop curve for brittle fracture

In view of surveillance programs for pressure vessels
of NPPs for toughness investigations after irradiation,
pre-cracked bending specimens which deviate from
the typical dimensions proposed by ASTM for
J-integral testing are installed inside the pressure
vessel. The following three-point bending specimens
were used for our investigations: 25x25x110 mm3,
12,5x25x110 mm3 and 10x10x55 mm3 (Charpy speci-
men). The material under investigation was the RPV
base material A 533 B1. The notch direction in the
samples was parallel to the rolling direction (T-L). The
specimens were prefatigued, in compression, on an
electromechanical, high-frequency pulsator. The ex-
perimental determination of the J-integral values was
performed according to ASTM standards and pro-
posed procedures [11-13]. The specimens were mo-
notonically loaded up to a maximum load point de-
flection, which was different for each of the types of
specimens and temperatures.The specimens were
then unloaded and heated to about 673 K in order to
mark the crack front (heat-tinting method). Finally, the

specimens were broken in a brittle manner at liquid
nitrogen temperature.

For the crack length measurement, the d.c. potential
drop technique was applied [14]. After heat-tinting, the
length of the fatigue precrack and the final crack
length were measured directly from the crack surface
and the averaged crack lengths were determined
(evenly spaced measurement points from one side to
the other across the crack front). Using the potential
drop value due to the fatigue pre-crack and the po-
tential drop value due to the final crack at the end of
the test, the actual crack extensions could be deter-
mined. The J-integral values were calculated accord-
ing to ASTM-standard [11]. To provide a comparison
of results, the critical values of the strain energy re-
lease rate J, were transfered into k|j, the elasto-plastic
fracture toughness for crack initiation. It should be
mentioned that this is the first investigation on such
small specimens with respect to J-integral testing
under application of the d.c. potential drop technique.
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3.2 Determination of Jj

Various critical values of the strain energy release
rate J can be used to characterise the fracture tough-
ness. They are designated as the fracture resistance.
The problem of scattered values can be traced to the
fact that the defined values as proposed according to
different standards are obtained from the slope of the
tearing modulus, which is geometry dependent. Clas-
sical fracture mechanics claims that the physical point
of crack initiation (Jj) is geometry independent. In view
of surveillance programmes it is very important to
determine Jj values for small specimens.

In the case of cleavage fracture it is assumed that
fracture is initiated by a weakest link type, critical
stress-induced mechanism, governed by locally situ-
ated cleavage initiators or weak points [16]. As such,
cleavage fracture will be influenced by changes in the
stress distribution and also by the probability of find-
ing a critical cleavage initiator. This weakest link type
statistical nature of cleavage fracture unfortunately
implies that fracture toughness in the case of cleav-
age fracture is not a simple material property and it is
expected that the fracture initiation toughness meas-
ured by means of the d.c. potential drop technique on
small Charpy impact specimens exhibits a large
amount of scatter.

The basic mechanism of ductile fracture is described
as a continuous mechanism of microvoid nucleation
and coalescence. Therefore it is impossible to detect
the first physical initiation point. The initiation point
measured with the d.c. potential drop technique can
be understood as a point at which there already has
been some small amount of ductile tearing. Microvoid
coalescence is controlled by critical strain and triaxial-
ity of stress. As such, it is strongly governed by the
maximum strain state along the crack front. In order
for the crack to propagate macroscopically, microvoid
coalescence must occur along the whole crack front.
The measured resistance to ductile fracture is thus
governed by the mean toughness properties of the
material. This means that for a material that is homo-
geneous on a macro-scale, the parameters related to
ductile fracture behaviour (Jj) should show only a
small amount of scatter [20].

The point of the crack initiation can be determined
from the initial deviation from the linear section of the
curves for load versus potential drop. In Fig. 2-4 typi-
cal potential drop curves for brittle, brittle/ductile tran-
sition and ductile fracture are presented. The potential
drop curve can be divided into several parts. The first
segment is characterised by contact shielding effects,
like wedging (crack surface roughness induced clo-
sure), bridging (fiber toughening), sliding (sliding
crack surface interference) and wedging + bridging
(fluid pressure-induced crack closure) [15]. At the first
moment of measurement no information about the
crack front can be obtained.

The initial linear part of the potential drop curve is well
defined in the brittle/ductile transition region. This re-
gion is characterised by micromechanical processes
like buildup of the streched zone (blunting of the crack
tip) and crack branching (Fig. 3). A high time-resolution
enables the stable crack propagation initiation, i.e. the
transition from blunting/crack branching to stable crack
growth, to be observed. Comparing Fig. 3 and 4 the
initial linearity for the brittle/ductile transition is longer
than for the ductile fracture. In the case of ductile frac-
ture behaviour the accuracy of initiation point meas-
urements is not assured and further investigations are
nessessary. The following parts of the d.c. potential
drop curve for ductile fracture behaviour are charac-
terised by stable crack growth and plastic instability.

3.3 Results

The results are summarised in Fig. 5 and 6. The
fracture toughness versus temperature curve is re-
lated to RTNDT obtained in drop-weight tests and
impact bending tests. For RTNDT

 a value of 260 K is
determined.

In the case of cleavage fracture the expected wide
scatter of results didn't occur. It is shown in Fig. 6 that
the curve shape of the plain strain fracture toughness
values is smooth as it continues at higher tempera-
tures. The measurements were compared with plain
strain fracture toughness values obtained from
WOL50X, CT50 [17] and CT500 [18] specimens. For
these specimens, large sizes are nessessary to
achieve the plane strain crack tip condition that guar-
antees the geometry independency of the fracture
toughness values.

In the case of the brittle/ductile transition there is a
good agreement between the results obtained from
precracked Charpy specimens and large bending
specimens SEB25 and SEB12.5. All critical fracture
toughness values fall within a narrow scatter-band.
The ku values for the different bending specimens
were determined with the proposed Jj (d.c. potential
drop) procedure. The results at room temperature
were validated with micromechanical investigations
i.e. measurements of the stretched zone of blunting
and crack branching by means of a scanning electron
microscope (SEM). A plane strain fracture toughness
value obtained at a very large CT300 specimen at
room temperature [19] is lower then the measured ku

values. This shows that the different fracture tough-
ness values depend on the particular mechanism for
crack propagation.

4 CONCLUDING REMARKS

In this contribution it was shown that even for the
small pre-cracked Charpy specimens without side
grooves the same critical values of fracture toughness
were obtained as for larger ones. The geometrical
independence of ku values is observed in the cases
of brittle fracture and of the brittle/ductile transition.



94

150

130

110

90

O

70

50

30

10

2(0
-10

RPV - material A 533 B1

68 J CVN = 260 K

brittle
fracture

250

brittle/ductile
transition

300 350

ductile fracture

temperature, K

400 4$0

Fig. 5: Charpy impact energy versus temperature

300

250

200

CO
Q.

. 150

CD
c
O)

B 100

§
I

50

-50

RPV - material A 533 B1

SEB12.5, k,j

SEB25, ku

CT300, kic, Suter, 1975

CT500, kic, Eisele, 1988

CT50, kic, Debray, 1971

0
-2bo -150 -100 -50 50 100

SEB10,

150 200

temperature re I. to RTN0T, K

Fig. 6: ky - values measured for pre-cracked Charpy impact specimens



95

In the case of cleavage fracture the determination of
the crack initiation point is difficult, because the d.c.
potential drop signal of crack propagation is influ-
enced by initial contact shielding effects. In the case
of brittle/ductile transition it was possible to find a
relationship between d.c. potential drop signal and
mechanism for crack propagation. The whole poten-
tial drop curve can be split into different parts: contact
shielding effects, blunting/crack branching, stable
crack growth, unstable crack growth. The initiation
point is well defined as the deviation from the initial
linearity of the potential drop signal, the point of tran-
sition between blunting/crack branching and stable
crack growth. A procedure to determine the fracture
toughness was developed, based on the mea-
surement technique described and interpretation of
the data. The method is applicable in the brittle-ductile
transition region. Consequently it is possible to meas-
ure the temperature shift directly in the fracture
toughness vs. temperature diagrams, and hence to
evaluate the effect of neutron irradiation embrittle-
ment.

It can be concluded from the fractographical investi-
gation that prior to stable crack growth not only blunt-
ing occurs but also local crack branching, which low-
ers the stresses ahead of the crack tip.
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