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Introduction 

W. Kröger 
Head, Nuclear Energy and Safety Research Department (F4) 

Nuclear energy research in Switzerland is concen
trated at PSI. It is explicitly mentioned in the Institute's 
official charter and commands about one fifth of the 
Institute's federal resources. Presently, PSI invests 
approx. 200 py/a in nuclear energy research, one third 
of this being externally funded; the share of external 
funding in investment costs (6.8 million sFr. in the 
budget period 1994/95) totals approx. 50%. This 
funding is provided by the Swiss Utilities and the NA-
GRA, the Safety Authority (HSK) and the former Na
tional Fund for Energy Research (NEFF). 

While most of this support occurs in the frame
work of long-term research contracts, 1.5 million sFr. 
are provided by the Swiss utilities to foster education 
and next generation support by means of attractive 
research projects. As a concrete measure in this di
rection, the Department has launched a programme 
and provided funds from its resources for the co-
financing of 8 additional doctoral and for 2 post
doctoral students in selected domains of scientific 
relevance. 

PSI's activities in nuclear research concentrate 
on three main areas: Safety of operating plants (45% 
of personnel, 37% of investments; PSI- and external 
funding together), safety features of future reactor 
concepts (31% and 57%) and waste management 
(17% and 6%). Another 7% of personnel are invested 
in addressing global aspects of energy. 

Despite the high degree of maturity of nuclear 
technology, research in this area is still necessary. 
Optimisation of operational aspects, the safety of 
existing plants, novel safety characteristics of future 
concepts and the disposal of radioactive waste are in 
the foreground. Safety research focuses on the one 
hand on low-probability accidents or accident se
quences beyond the present design basis ("risk do
main"); it aims at the identification and avoidance of 
such situations and at the description of their conse
quences for the plant and the environment. On the 
other hand, safety related operational issues like ma
terial behaviour, including stress corrosion cracking 
and primary water decontamination, as well as simu
lation and analysis of transient events are addressed 
in the framework of specific projects. For the future, 
the introduction of a new safely quality is being per-
sued; safety features of reactor concepts with a new 
safety quality are studied, which would make emer
gency measures outside the plant unnecessary from a 
technical point of view, even in the case of extremely 
improbable accident scenarios. 

Switzerland with its almost 40% nuclear share in 
electricity generation, must maintain its own nuclear 
research and expertise. For the definition of ongoing 
research strategy, a continued operation of the exist
ing NPPs up to the end of their technical life, inde
pendently of political decisions, is postulated. For this 
time frame, their safe and reliable operation, including 
their potential backfitting with novel, perhaps "passive" 
safety systems must be scientifically supported. PSI 
has to play an important role in this process, espe
cially since no other such institutions exist in Switzer
land. 

The distribution of tasks in national research fol
lows the rules of (international) market competition. 
The participation of the Confederation in this research 
is part of the principle of "keeping the nuclear energy 
option open" as stated in "Energy 2000"; this implies 
an independent expertise, which supports the Con
federation in the exercise of its competence and pro
vides decision aids for an independent opinion mak
ing. It is also essential to preserve sufficient flexibility 
for dealing with "not yet identified" issues, to put the 
energy debate on an objective basis and to embed 
nuclear energy in "general" technology. 

These principles are reflected in the general ob
jectives of nuclear research at PSI. Along with the 
Institute's general goals for scientific excellence and 
leadership and beside research in the pure sense, 
maintenance of nuclear competence in the country, 
education and provision of scientific services carry 
particular importance. The co-operation with the ex
ternal partners concentrates on those concrete needs 
which harmonise with the Department's goals and 
research topics. 

Looking into the future, "sustainability" has ac
quired, for quite some time, a prominent place in the 
catalogue of requirements on energy systems. Nu
clear technology must face these considerations, if it 
is to have a long-term future. The results of a very 
subjective first assessment are shown in the Table 
overleaf. The "criteria" used follow those to be found 
in the German "Umweltgutachten". One essential 
conclusion is that with a rigorous, dogmatic approach, 
only optimised photovoltaics would have a chance -
with reservations with regard to the surface require
ments and the harmlessness of the materials used. In 
a more flexible approach, with a consistent weighting 
of advantages and disadvantages, nuclear energy 
would have a chance. For this it needs to optimise its 
fuels and fuel cycles differently from today. 
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This implies proliferation-resistant reprocessing and 
recycling and possibilities to safeguard and utilise 
plutonium effectively as fuel, while destroying ex
tremely long-lived actinides and fission products. The 
nuclear power plants themselves would need to be 
regarded as "catastrophe-free". 

Corresponding research at PSI would have to be 
oriented in the areas of reactor physics and fuel tech
nology. In doing so, PSI can build on available compe
tence and infrastructure, like the Hot Laboratory, the 
accelerator-with a suitable target station, the zero-
power facility PROTEUS, and some projects currently 
underway such as "Advanced Fuel Cycles". 

Severe Accident Research 

Analyses of severe accidents in LWR plants encom
pass experimental and theoretical research to extend 
the knowledge base, as well as development, im
provement and validation of mathematical models and 
source term analyses for the Swiss NPP. 

One of the current, dominating tasks in interna
tional severe accident research is the identification of 
safety relevant mechanisms that can lead to a failure 
of the reactor pressure vessel (RPV) under core melt
down conditions. In the late phase of such an acci
dent, molten material from the core region can relo
cate to the lower plenum of the RPV and could then 
melt through the lower head. The failure mode, the 
velocity of melt discharge into the containment and 

the constitution of the discharging melt, govern signifi
cantly the further accident progress with respect to 
aerosol production, mechanical loads to the contain
ment structure and the efficiency of melt cooling. A 
complete source term analysis has therefore to con
sider RPV failure mode adequately. The research 
programme CORVIS (Corium Reactor Vessel Inter
action Studies) deals with the experimental and ana
lytical investigation of RPV lower head failure and is 
performed in co-operation with an international task 
force of 19 member institutions from 10 countries. The 
primary goal of the project is to gather sufficient, reli
able experimental data to validate computational fail
ure models - existing or under development - to im
prove our predictive capabilities for RPV lower head 
failure under realistic conditions, including high-
pressure scenarios. 

Following the first large-scale test in 1993, which 
exhibited a series of technical and procedural prob
lems, 3 technical experiments, on a smaller scale, 
allowed the verification of technical improvements to 
the experimental facility. A particular objective was the 
testing of the electric arc heater which serves to com
pensate the heat losses of the melt by electric power, 
without a direct heating of the metallic test structures. 
The reliability of the heater was improved. A satisfying 
reliability of the automatic pressure relief valve of the 
arc heater system was achieved with a multi-layer 
filter against dust and aerosol particles. Pouring of the 
thermite-melt into the test vessel causes the well 
known, but undesired, erosion of the steel parts by jet 
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impingement. Good experience in the construction of 
shielding plates against jet impingement was obtained 
in the experiments. 

Metallurgie and chemical material analyses, per
formed on the steel plates of the test vessels after the 
experiments, provided valuable insights into the 
structural morphology of the material and on diffusion 
processes caused by the thermal load. They allow a 
reconstruction of the thermal history of the test vessel 
at locations where direct measurements of tempera
tures are not possible. 

In the analytical part of the CORVIS-Project, pro
gress was made in the simulation of correct boundary 
conditions for the thermal losses and of the hydrody
namics of the melt. The finite element code package 
ADINA is used at PSI for the calculation of heat con
duction, fluid dynamics and non-linear structural dis
placements. The main analytical effort lies, however, 
outside PSI, in the framework of the CORVIS Task 
Force. 

A fully instrumented, large-scale experiment was 
performed on December 15, 1994, to investigate the 
behaviour of the drain line, typical in GE-BWRs such 
as Mühleberg NPP. The experiment indicated that a 
failure of the drain line nozzle has to be expected only 
a few seconds after a first contact with the melt. If 
such RPV-structures behave also in reality like built-in 
safety breaking points, this would probably imply a 
"drop-wise" melt discharge into the containment and, 
thus, a "smooth" accident evolution. The evaluation of 
the data and the comparison with predictions of sev
eral computational models will provide safety-relevant 
data on the behaviour of this special penetration line. 

During the course of a severe accident, aerosols 
may impair the effectiveness of plant safety features, 
resulting in releases of radioactivity. PSI has devel
oped an aerosol generation system that provides 
aerosol-gas mixtures to required specifications within 
a range of compositions, flow rates and pressures 
over several hours and can accommodate different 
test rigs, together with control, measurement and data 
acquisition systems. Presently, three parts of a pro
gramme are in progress: 

• AIDA (Aerosol Impaction and Deposition Analysis) 
investigates the effect of aerosols on the efficiency 
of a Passive Containment Cooling Condenser unit, 
like the ones used in the Simplified Boiling Water 
Reactor (SBWR); aerosol deposition can reduce 
the flow area in the condensation tubes and in
crease the thermal resistance of the heat transfer 
interface, thus impeding decay heat removal. 

• The POSEIDO.M (Pool Scrubbing Effect of Iodine 
Decontamination) program addresses the contri
bution of pool scrubbing to overall aerosol removal, 
and hence iodine decontamination. The results are 
being used, on the one hand, to improve the un
derstanding of the separate processes and hence 
to assess and improve the PSI computer program 

BUSCA, and on the other hand being applied to 
level-2 PRA investigations for the Swiss LWR. 

• The venting filter test program was performed to 
support the design and qualification of an ad
vanced containment filter developed by the SUL-
ZER company. It demonstrated an aerosol reten
tion capability many orders of magnitude higher 
than required. 

Safety of Structural Components 

The behaviour of the pressure bearing components of 
a nuclear reactor is, to a large extent, determined by 
t h o nrow/th r\f r*ror»lre T K o ï r a v i c l o n n a rl/>/\#* « « • r4!r>-k/*+l« i 
- • • — J , . - . . . . . - . - . _ - . — . . . . — . . W~IWkV*IIWW UWW>J UV*!. U I I V . U U J 

affect the integrity of a component or related safety 
margins, as long as they remain stationary; the critical 
issue is the rapid, unchecked growth of a crack, which 
might lead to macroscopic fracture and catastrophic 
failure. The main difficulty in the prediction of crack 
growth by numerical methods - usually by finite ele
ments - is that one must deal with domains of very 
different sizes, from the whole containment vessel 
down to the immediate neighbourhood of a crack tip. 

PSI participated in the HDR safety program at 
the Karlsruhe research centre, where safety margins 
of full-size components were determined experimen
tally. The HDR safety program was satisfactorily 
completed in 1994. The main open problem in the 
area of crack mechanics was found to be the size and 
geometry dependence of what were thought to be 
purely material properties; that is the transferral of 
physical results from small laboratory specimens to 
real-size structures. During the past year the empha
sis was shifted towards a systematic research into the 
effects of component geometry, crack shape, material 
properties and complex loading on the crack behav
iour. 

In parallel, further development of the computa
tion procedures was achieved within the FALSIRE 
project (Fracture Analyses of Large Scale Interna
tional Reference Experiments): PSI succeeded in 
developing an algorithm in which the crack opens like 
a zip-fastener, and only one run describes the whole 
process. A spin-off of PSI's computational skill in this 
domain was applied to the manufacturing process of 
thick-walled bimetallic cylinders, in co-operation with 
Swiss industry. Based on PSI calculations, measures 
were devised to reduce the cracking observed during 
the manufacturing process, and caused by thermally 
induced strains. 

A new loop, with an integral tensile machine was 
taken into service for experimental investigations of 
stress corrosion cracking of low alloy steel under 
simulated BWR conditions. This allows fracture me
chanical oriented interpretation of stress corrosion 
cracking. First results show that load controlled ex
periments can rapidly induce cracking in low alloy 
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steel under off-specification simulated BWR coolant 
chemistry conditions. 

In order to describe the behaviour of reactor 
components and failure mechanisms, the sensitivity of 
the Meyer-hardness test in detecting neutron induced 
damage was demonstrated. The use of annealing 
treatments to restore mechanical properties of irradi
ated low alloy steel was presented as a viable tool for 
nuclear plant life management. Finally, an IAEA Con
sultancy was established concerning the optimisation 
of surveillance and maintenance relating to manage
ment of nuclear power plant ageing. 

Post-Irradiation Examinations 

Two damage analysis topics were finalised in the 
framework of the project EDEN. The damage process 
of a fractured BWR control blade could be identified 
as an Irradiation Assisted Stress Corrosion Cracking 
(IASCC) induced failure. The spectacular axial failures 
in BWR liner fuel were identified as being due to the 
opening of radiation hardened manufacturing flaws 
during a power transient. The experimental part of the 
Nuclear Fuels Industry Research (NFIR) cladding 
corrosion program was concluded and indicated, 
among other findings, that irradiation induced changes 
in intermetallic precipitates cannot be blamed for cor
rosion rate increase at high burn-up. This finding 
leads to a review of current corrosion models. A new 
NFIR project, dealing with the mechanical integrity of 
high burn-up hydrided cladding, is now being worked 
on. 

Computational Analyses of NPPs 

The project STARS (calculation of transients in Swiss 
power plants) is continuing with a new contract of 
three years with the HSK. Alongside the planned de
velopment of an improved and extended calculational 
capability as well as the modelling of the Swiss power 
plants, the HSK has the possibility to ask for specific 
"on-call" analyses. Two such analyses, (consequen
ces of a possible pipe break (KKL) and high burn-up 
fuel behaviour during a power excursion) were per
formed this year. 

The work on KKL consisted of performing a 
scoping study of the plant behaviour under ATWS 
conditions. To this end, a TRACG input deck obtained 
through a different contract was converted into a 
TRAC-BP1 input deck. Code modifications to accept 
the extremely large input deck as well as code de
bugging was part of this work. In order to justify the 
one-dimensional approach used in the reactor kinetics 
of TRAC-BF1, comparison cases with a transient 
three-dimensional code (RAMONA) were run. 

Amongst other tasks, the project work included 
also the validation of RAMONA for BWRs, against a 
"Loss of Feedwater" test performed at the Mühleberg 
NPP. 

The STARS project is based upon an enormous 
amount of data, drawings and documents. For their 
efficient storage and quick retrieval, an information 
system based on object-oriented database technology 
(IRIS) hs been conceived. As a first step towards its 
realisation, a smaller information system (PANDA-
DINF) is presently being developed for the PANDA-
experiment (see below), using the existing IRIS con
cept as a starting point. 

Thermal-hydraulic activities relating to NPP com
putational analysis are well integrated into interna
tional programs. An important milestone was reached 
in 1994 with the signing of the CAMP (Code Assess
ment and Maintenance Program) agreement between 
the US NRC (which leads the program) and the Swiss 
Federal Office of Energy. Participation in the program 
ensures that PSI has continuing access to the latest 
versions of the major systems codes used for LWR 
and ALWR safety analyses and, in return, has con
tributed advanced models to the codes, particularly in 
the area of post-C H F heat transfer. 

Further, in addition to taking responsibility for the 
formulation of the CSNI Separate Effects Tests Code-
Validation Matrix, in the framework of an (OECD/ 
NEA/CSNI) international collaboration in the field of 
thermal-hydraulic safety analysis, a major contribution 
was also made to the CSNI safety report on uncer
tainty analysis methods. 

LWR-Contamination Control 

The recirculation test loop was further optimised dur
ing 1994. Four autoclaves can now be operated with 
identical feedwater to model the activity and crud 
deposition on internally heated zircaloy tubes under, 
variation of the water chemistry and surface boiling 
conditions. 

Work focused on several individual parameters. 
By varying the surface finish of steel coupons, it could 
be shown that electropolished surfaces corroded 
slowest, while mechanically polished surfaces cor
roded fastest due to the surface cold work. After ap
plying a Siemens decontamination procedure, the 
recontamination occurred independently of surface 
finish. By using COUETTE-autoclaves with well de
fined flow fields it was demonstrated that the Co-58 
activity build-up occurred independently of the applied 
water velocity. Finally, on-site measurements at Swiss 
BWRs showed that the cobalt activity in the reactor 
water is mainly in soluble form, not only under steady 
state conditions, but also, unexpectedly, during the 
activity burst observed while the reactor is coasted 
down. 
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ALPHA Program 

The project has three major experimental compo
nents: PANDA, a large-scale, integral system simula
tion facility; UNX, a medium-scale, special-effects test 
to study mixing and condensation phenomena in sup
pression pools and containment volumes; AIDA, an 
aerosol-testing rig in simulation of a Passive Contain
ment Cooling System (see above). 

Construction of the PANDA facility was com
pleted during 1994 and commissioning, in preparation 
for the first, steady-state tests in March 1995, has 
begun. As a consequence of the increased impor
tance of PANDA in regard to the certification require
ments for the SBWR, as imposed by the US NRC, the 
tests and accompanying analysis must conform to full 
nuclear quality assurance standards (NQA-1). To this 
end personnel from GE were assigned to develop and 
oversee the implementation of QA procedures. In 
parallel, pre-test calculations for the first PANDA ex
periments were performed using the proprietary code 
TRACG and predictions presented to GE for submis
sion to the NRC. 

A collaboration agreement was signed between 
PSI and ENEL to assess the performance of a con
densing heat exchanger, envisaged for passive con
tainment cooling of an Advanced Pressurised Water 
Reactor. Along with experiments at the LINX test fa
cility, PSI is also participating in the pre-test analysis. 
The pre-conditioning loop and data acquisition system 
have been already installed and extensively tested. 

Three-dimensional, numerical simulations of the 
AIDA upper drum were performed using the thermal-
hydraulic codes ASTEC and FLOW3D to determine 
the optimal placement of a deflector plate in order to 
obtain an even flow distribution to the condenser 
tubes, without introducing excessive pressure drop. A 
Lagrangian, particle tracking modeS interfacing with 
the two codes was written and has given first esti
mates regarding aerosol deposition in the upper drum 
and condenser tubes. 

HTR-PROTEUS 

New insights regarding the interpretation of control-
rod worth measurements were obtained in the ongo
ing international programme of HTR-PROTEUS ex
periments. Two new types of reactor configuration 
were investigated, viz. a series of stochastic loadings 
of the fuel and moderator pebbles, as well as a so-
called "point-on-point" pebble-bed core. The latter 
corresponds to a special type of deterministic loading, 
designed to enable easy access to the core centre for 
experimental purposes, e.g. for the measurement of 
reaction rate ratios within individual fuel pebbles. 

Significant stochastic effects were observed in 
the randomly loaded Core 4, leading in particular to 
strong azimuthal variations in individual reflector-
based control-rod worths. These variations, which are 

difficult to predict analytically, lie well outside the de
sign accuracy requirements currently accepted for the 
calculation of control-rod worths. 

First-of-a-kind measurements of reaction rates 
within the fuel pebbles themselves have yielded pre
liminary results which confirm, for the first time, the 
predicted variation of fission rates through the peb
bles. 

Fast Reactor Safety 

PSI investigations on fast reactor safety address reac
tor physics and thermal-hydraulics issues and provide 
contributions to specific questions in the framework of 
international R&D activities. The fast reactor physics 
program aims at reducing the uncertainties in the 
calculations of the reactor safety parameters. This is 
of significance for the present Superphénix loadings, 
but even more important for the anticipated new fuel 
compositions intended for plutonium burning. Since 
this fuel no longer has uranium blankets and consid
erably less uranium in the core itself, neutron-
streaming from the core and neutron-absorption in 
structural materials becomes more important. PSI 
investigations showed that uncertainties in the iron 
inelastic scattering cross-section play an unexpectedly 
large role in the calculation of the nuclear parameters. 

In the field of thermal-hydraulics, the investiga
tion of mixing phenomena in stratified, shear layers 
using the WAMIX water loop was completed in the 
framework of a doctoral thesis. The design of the test 
section (NAM IX) for the follow-up study, involving 
sodium as the working fluid, was finalised, and con
struction of the NALO loop - which will supply the 
sodium to the experiment - is nearing completion. In 
parallel to the experimental program, work on the 
direct numerical simulation of turbulent mixing in col
laboration with the University of California at Santa 
Barbara has continued. It involves the use and further 
development of ihe pseudo-spectral code FLOW-SB. 
The studies were extended to 3 dimensions, stratifi
cation effects were included and sample calculations 
performed for air, water and sodium, showed good 
agreement with measured WAMIX-data and published 
data. 

Safety of Eastern-European Reactors 

In 1994 PSI entered a co-operation with the 
Russian RDIPE and Kurchatov Institute in the frame
work of international activities towards improvement of 
RBMK safety. PSI activities aim at the evaluation of 
the adequacy of the present RBMK shut-down system 
and the development of a generic concept for an in
dependent and diverse shut-down system for this 
reactor type. 

The evaluation results showed, that although the 
positive void-coefficient of the primary circuit has been 
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drastically reduced (from 5ß to 0.5ß), no improvement 
was achieved regarding the void effect in the control 
rod and shut-down rod cooling system, which calls for 
an additional shut-down system. 

The physics of such a diverse shut-down system 
proposed by PSI and based on liquid poison injection 
was investigated by means of steady-state physical 
calculations, transient analyses and critical experi
ments at the Kurchatov institute. It was shown, that 
the proposed system leads to a shut-down reactivity 
of - 15ß, which meets basic western requirements. 

Disposal of Radioactive Waste 

The sirns of the waste msp.anement activities ?.re to 
develop and test models, and to acquire selected data 
in view of the performance assessments of Swiss 
nuclear waste repositories. The work is concentrated 
on further developing our understanding of safety-
relevant mechanisms and processes governing the 
release of radionuclides from waste matrices, their 
transport through the engineered barrier system and 
far-field and on the application of the knowledge 
gained in safety assessments. 

In June 1994, NAGRA formally applied for a 
general licence for a repository of short-lived low and 
intermediate level wastes (LILW) at the Wellenberg 
site in Central Switzerland. A second milestone is the 
publication of the Kristallin-1 reports by NAGRA on 
the conclusions of a large-scale investigation program 
for siting a high-level waste repository in the crystal
line rock of Northern Switzerland. PSI has contributed 
to both milestones. 

A LILW repository contains large amounts of 
structural cement. Experiments on cement degrada
tion yield the evolution in time of concrete pore wa
ters. The measured pore water composition showed 
good agreement with theoretical predictions. Long-
term experiments on diffusion of radionuclides through 
cement discs were continued and complemented by 
batch sorption measurements. Both types of experi
ments exhibit differing sorption distribution ratios, a 
discrepancy yet to be analysed in detail. 

Some of the waste matrices in a LILW repository 
contain degradable organic materials and the influ
ence of degradation products on radionuclide specia-
tion and sorption is of concern. The investigations on 
radiolytic degradation of ion exchangers have essen
tially been finalised; mainly oxalate, amines and am
monia were discerned. Their influence on sorption can 
be neglected in the cementitious environment. The 
situation is quite different for chemically degrading 
cellulose, where a strong impact on sorption is seen. 
These investigations are ongoing. 

The near-field is that part of a repository system 
where large gradients of concentration must be ex
pected. For example, a high pH-plume from a ce
mentitious repository will influence the chemical and 
physical properties of the host rock. Two approaches 

to deal with the coupling of transport and speciation -
a random walk and a cellular automata model, were 
continued and are able to describe the movement of 
sharp fronts resulting from solid dissolution and pre
cipitation. 

The modelling of field migration experiments at 
the Grimsel Test Site was finalised for experiments 
with uranine, sodium and strontium as tracers. The 
excellent agreement between measurements and 
calculations can be regarded as a major step in model 
validation. Ongoing are presently experiments with 
cesium where sorption kinetics seems to be an impor
tant mechanism. 

Modelling sorption on a mechanistic basis in the 
framework of ion exchange and surface complexation 
is an important task. Extensive measurements of 
heavy metal adsorption onto montmorillonite were 
done for a wide range of metal concentrations, pH 
values and ionic strengths. These experiments have 
led to models that not merely fit the experimental data 
but allow for a broad understanding of the liquid/solid 
system. 

Humic substances might influence radionuclide 
•transport through the geosphere by complexation. 
When the work started some time ago little informa
tion was available on complexation under repository 
relevant conditions at trace concentrations. Extensive 
measurements of complexation under such conditions 
and careful evaluation of literature data have now led 
to models that can be used in safety assessments. 
These models cover a range of ten pH units and of 
ten orders of magnitude in free metal concentration. 

Co-operation with NAGRA was formally extended 
for the next 10 years through a contract renewal 
based on a long-term research proposal of PSI. Col
laborations in international groups and with research
ers at various institutions continued to the customary 
degree. 

Advanced Fuel Cycles 

The new project "Advanced Fuel Cycles" addresses 
the reduction of plutonium stockpiles and the transmu
tation of long-lived minor actinides. Research in reac
tor physics and material technology aspects is being 
directed towards the twin goals of increased plutonium 
consumption in LWRs and the use of minor actinides 
as fuels in advanced fast-spectrum systems. 

A first study for a 100%-PuUO2 (MOX) core in 
one of the smaller Swiss NPPs has provided encour
aging results. Research on the potentially much more 
effective possibility of employing LWR plutonium fuels 
without uranium was initiated by an assessment of 
reactor physics characteristics of a wide range of mix
tures of plutonium and different burnable poisons, and 
indicated the need for appropriate whole-core analy
ses. Experimental effort on actinide transmutation, 
involving the irradiation of thin actinide targets with 0.6 
GeV protons from the PSI cyclotron, was initiated to 



provide a validation basis for calculational models 
employed in the latter type of studies. 

In the area of post irradiation examination and in 
collaboration with Belgonucléaire, 2 PWR MOX fuel 
pins with high bum-up were non-destructiveiy charac
terised, and the radial isotopic distribution of Pu was 
assessed by SIMS1 on high burn-up BWR fuel. The 
radial Pu-concentration profiles were used to compare 
with profiles calculated by the improved TRANSURA-
NUS code from tha Institute for Transuranium Ele
ments. 

Coupling of the further analytical development 
included the sucessful HPLC2 with ICP-MS3 for lan-
thanide separation and Nd-148 analysis as a burn-up 
monitor. 

In a HALDEN fast transient test, UO, sphue-pac 
fuel was compared to pelletised fuel. The PSI pellet 
press Was applied to produce TIN pellets which were 
inserted in the CEA Matina-1 experiment. The PSI 
wet chemical process was applied to prepare (U,P)-
oxides and -nitrides with high Pu-content. The possi
bility of applying low sintering temperatures is very 
promising in producing adequately soluble products; a 
prerequisite for later successful reprocessing. 

Comprehensive Assessment of Energy 
Systems (GaBE) 

The project GaBE addresses health risks, environ
mental impact and economic aspects associated with 
the different energy sources (fossil fuels, nuclear and 
renewables) and technologies and is directed towards 
a reasonably complete evaluation of the Swiss energy 
system, starting from the present situation and pro
jecting over the coming 30 years. The project is a co
operation between PSI, the Laboratory for Energy 
Systems of ETHZ (LES) and the Centre for Economic 
Research of ETHZ (WIF). A more detailed reporting 
on this project is given here, because the project 
management and, hence, the oversight over the vari
ous activities lies within F4. 

• Environmental Inventories (LES, PSI/F4). A 
voluminous report providing Life Cycle Analysis -
based environmental inventories for currently op
erating electricity conversion and heating systems 
was published in March 1994. Approximately 300 
air and water pollutants are covered and about 500 
processes were interconnected to account for the 
interactions between energy systems. Two mixes 
of electricity production were used - for Switzerland 
and for UCPTE4 countries. Using the generated 
data as the basis, comparisons of electricity gen-

1 SIMS = Secondary ion mass spectrometry 
2 HPLC = High performance liquid chromatorgraphy 
3 ICP-MS == inductively coupled plasma mass spectrometry 
* UCPTE a Union pour la Coordination de la Production et 

du Transport de l'Electricité 

erating systems with regard to greenhouse gas, 
SO,, NO„ and NMVOC emissions, land use, radia
tion and wastes were carried out. 

• Environmental impacts of air pollution 
(PSI/F5). In order to provide the necessary input 
(i.e. initial three-dimensional concentration fields) 
to the chemical dispersion models for the simula
tion of atmospheric trace gas concentrations and 
deposition rates, data from various sources were 
compiled, and the role of transboundary pollution 
was examined. The Urban Airshed Model (UAM) is 
being validated using experimental data from the 
Swiss field experiment POLLUMET. 

• Risk/Safety Aspects (PSI/F4). The work was 
oriented towards further dev9!onment and consoli
dation of the PSI database on energy related se
vere accidents, associated evaluations for major 
fuel cycles, and use of probabilistic techniques in 
examining potential contributions of severe acci
dents to external costs (focused on nuclear 
power). Particular attention was given to qualifica
tion and extension of the available data, especially 
on hydropower and the delayed health impacts-of 
the Chernobyl accident. Normalised fatality rates 
were calculated for coal, oil, gas, hydro and nu
clear fuel cycles. External costs of nuclear acci
dents (lower than 0.01 Rp/kWh), obtained at PSI 
by extending a plant specific Probabilistic Safety 
Assessment to include economic consequences, 
were reported and differences of several orders of 
magnitude between a number of existing studies 
examined and explained. 

• Large Scale Energy-Economy Model (PSI/F5). 
The reductions of COz emissions modelled with 
MARKAL are associated with significant structural 
changes of the Swiss energy system and with high 
investments. Trade-offs between C02 and other 
greenhouse gases, tax compensation payments 
and international co-operation could reduce the 
Swiss costs to fulfil the IPCC proposal on climatic 
sustainability. Current modelling work focuses on 
the development and implementation of an equilib
rium model to link the Swiss energy system and 
gross macroeconomic indicators. 

Large Nuclear Facilities 

Hot Laboratory 

The "Hot Laboratory" is equipped for the handling of 
all types and quantities of the radionuclides built up 
during fission and activation with reactor neutrons or 
accelerator particle beams. Apart from heavy biologi
cal shielding and safety installations to exclude radi
onuclide intoxication, emission or theft, the laboratory 
is also equipped with state of the art remotely oper
ated analytical instrumentation for solid state, surface, 
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radionuclide, liquid, trace element and mass spectre-
metric analysis. 

During 1994 the safety report of the Hot Labora
tory was rewritten after 32 years of operation, in order 
to satisfy modifications of the licensing authority re
quirements. In this context, the safety report is being 
evaluated by the HSK and will be openly presented to 
the public. 

To improve the effectiveness of the installation, 
the construction of new offices, a heavy weight labora
tory elevator and an improved personal security con
trol system was initiated. Further, PSI has evaluated 
and ordered a new shielded secondary ion mass 
spectrometer that shall be installed during 1995. 

SAPHIR 

In May 1994, PSi decided to stop the work for the 
backfitting of the SAPHIR research reactor and, sub
sequently, to decommission and dismantle the facility. 
The plant, in operation since 1957, had to be shut 
down at the end of 1993 for the implementation of 
improvement measures required by the safety 
authorities. It was intended to put SAPHIR back in 
operation again after the realisation of the required 

safety updates and, until the start of reliable neutron 
production by the new spallation neutron source SINQ 
at the end of 1996. Although a substantial number of 
the technical safety updates could be realised quickly, 
for certain authority requirements, mainly in the do
main of physical protection and safeguards, it became 
difficult and time-consuming to find economically ac
ceptable, technical solutions considering the short 
anticipated operation time. The planned start up of 
SAPHIR had therefore to be repeatedly delayed and 
this led PSI, following a re-assessment of increasing 
costs and diminishing expected benefits, to cease the 
backfitting activities and to initiate work for the definite 
shutdown of the reactor. 

The SAPHIR reactor and its staff have demon
strated, over many years, the fundamental functions 
of nuclear technology to specialists and interested 
laypersons from Switzerland and abroad. SAPHIR 
served, during its 37-year-operation for irradiation 
experiments in the domain of basic sciences and nu
clear technology, for the production of isotopes for 
nuclear medicine and, in the last 10 years, increas
ingly as a neutron source for neutron scattering re
search. For its users, SAPHIR was a reliable and 
user-friendly neutron source. 
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External Costs of Electric Power Generation: 
Are Accidents Adequately Treated? 

S. Hirschberg 
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ABSTRACT 

The growing environmental awareness of the public 
and concerns about social compatibility of large scale 
technology stimulate, along with current issues such 
as acid rain and the aftermath of the Chernobyl 
accident, the debate on "external costs". In the past, 
such costs have not been explicitly taken into account 
in the decision-making process, although they do pre
sent a burden to society. Science continuously sup
plies new fuel to the current debate through studies 
that in some cases show very large differences both 
in terms of approach and of numerical results. Conse
quently, an appropriate basis for far reaching deci
sions is not clearly available. This applies particularly 
to the treatment of the problem of rare accidents with 
severe consequences. The present article describes 
and explains the current state-of-the-art, presents 
results of the authors own work in the context of other 
contributions and underlines the most important 
knowledge gaps. 

1 External Costs in the Electricity 
Sector 

By externalities we understand economic conse
quences of an activity (such as energy production and 
use) that accrue to society, but are not explicitly 
accounted for in the decision making of activity par
ticipants. In economic terms, detrimental conse
quences are called external costs; positive conse
quences are called external benefits. 

It is a simple truth that neither electric power 
generation nor any other large-scale industrial activity 
is free from external effects such as health and envi
ronmental impacts. These impacts are traditionally not 
accounted for in the price of energy and it is only 
recently that the issue started to receive the attention 
it deserves. In fact, since the late eighties the energy 
sector in particular has been subject to a debate (and 
in some cases to specific steps) concerning internali-
sation of external impacts, i.e. creating conditions 
where the damages from production and consumption 
are taken into account by those who cause these 
effects. The current trend is clear - externalities play 
an increasingly important role in the decision making 
and planning of utilities and other parties in the energy 
market. Proper consideration of externalities can help 

to optimise allocation of limited resources and to avoid 
undesirable developments - an optimal policy for 
addressing externalities is one that balances the costs 
of reducing damages with the benefits and is gener
ally not one that would lead to zero pollution impacts. 

Two fundamental types of externalities can be 
distinguished: environmental and non-environmental. 
Non-environmental externalities include for example 
public infrastructure, energy security and government 
actions (such as R&D expenditures). Some of these 
externalities, particularly those related to the imper
fections of the market, are difficult to assess. Others 
may be rather straight-forward to identify but there 
may be differences of opinion whether some of them 
should be subject to internalisation or not. The focus 
of current evaluations (and of this article) is on envi
ronmental externalities like public and occupational 
health (mortality, morbidity), impacts on agriculture 
and forests, biodiversity effects, aquatic impacts 
(ground water, surface water), impacts on materials 
(such as buildings, cultural objects) and global im
pacts (greenhouse effect). 

It is worth noting that a substantial number of 
potential external impacts has been effectively inter
nalised through regulation and standards to which the 
power industry must comply. Thus, the damages 
associated with power generation are implicitly mini
mised. However, it needs to be acknowledged that the 
standards applicable to the different energy sources 
and to the various steps of fuel cycles (such as 
extraction, processing, transportation, power genera
tion, waste management), are not homogenous and 
not everywhere implemented to the same extent. No
tably, when considering a specific fuel cycle, these 
activities may be taking place in different countries. 

Further consideration of external costs is benefi
cial not only to the society but also to electric utilities, 
particularly when considering the alternatives for the 
future. Accounting for environmental externalities may 
help to avoid costs of future environmental controls 
and substantially reduce uncertainties in utility re
source planning. Despite some initial reluctance, there 
are now internationally many examples of utilities 
systematically using adders for environmental impacts 
in their planning. In Switzerland the debate on exter
nal costs has been intensified following a recent publi
cation of the study by Infras and Prognos [1], con
cerning this topic. The study advances the state-of-
the-art in some respects but also uses, when address
ing certain specific areas, approaches that are, to say 
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the least questionable. Treatment of severe accidents 
is one such issue. 

process is frequently associated with large uncer
tainties. 

2 Current State of Knowledge 

A number of attempts have been made to assess the 
costs of environmental impacts associated with 
energy production. In order to estimate such costs 
three steps are necessary: 

1. Identification of externalities specific to each 
activity. 

2. Evaluation of resulting physical impacts. For 
effects that originate from rare events rather than 
from continuous releases of pollutants this step 
necessarily involves the assessment of frequen
cies associated with consequences of different of 
magnitudes. 

3. Monétisation of damages. Explicit monétisation 
allows the expression ot the cost of a specific 
damage per unit of energy produced. Advan
tages of such representations are clear - the det
rimental effects are expressed in a manner which 
allows direct and consistent comparisons 
between internal and external costs, between 
different contributors to external costs and 
between various fuel cycles. 

It should be noted that many difficulties and limitations 
are associated with this process of monétisation of 
damages. 

• Estimation of physical impacts is a compli
cated and resource-demanding task which in
cludes assessment of emissions into various 
media (air, water, soil), simulation of transport of 
pollutants through these media, assessment of 
exposure of receptors and use of dose-response 
relationships (reiating the exposure to the effect). 
Among many other factors affecting these esti
mations we may mention physical characteristics 
of the emissions (e.g. rate, duration, location), 
meteorological and topographical conditions, 
pollutant interactions and transformations. Dose-
response functions for estimation of health and 
environmental effects are "known" for only few 
major pollutants and are frequently subject to 
large uncertainties. 

• Transferability of results obtained for a specific 
environment may be questionable or not valid for 
the environment being examined. It would not be 
feasible to simulate, from scratch, all environ
mental damages for all fuel cycles on a location-
specific basis. Consequently, it is attractive to 
use data from different studies and attempt to 
correct for the differences between the source 
and application environments by introduction of 
systematic factors (scaling). Bearing in mind the 
complexity of the estimation (see above), this 

• The effects of incremental loads may be non
linear, i.e. depending on the baseline level of 
environmental quality a small increment could 
lead to substantial damage. 

• Establishment of boundary conditions, particu
larly time and space limits, for environmental 
damage estimation is not straightforward. For 
instance, the time scales for manifestation of 
environmental damage can vary and trans-
boundary effects and contributions of parts of 
fuel cycles in foreign countries may be of varying 
importance. Furthermore, it is an open question 
as to how deep into the structure of fuel cycles 
one should go in order to account for all signifi
cant contributions (e.g. material manufacturing). 
The focus of the estimation is normally on the 
production facilities, while such parts of specific 
fuel cycles as transportation or storage may 
constitute potentially important, but'unaccounted-
for, contributors. The effects can be local, re
gional or global. Usually, local and regional 
impacts can be assessed with more confidence 
than the global ones. 

• Monétisation is carried out using different 
approaches, particularly since some of trie com
modities are marketable and other are not. The 
use of discounting, i. e. placing a lower value 
on damages that occur in the future as compared 
to the present ones, is a debatable issue with 
large potential impact on the numerical results. 

• Scope and depth of the present analyses 
addressing the real or potential contribution of 
severe accidents to external costs is inade
quate. This is partially due to the inhomogeneous 
state of knowledge concerning the risks associ
ated with different fuel cycles and partially due to 
the use of flawed approaches. 

Estimation of external costs is clearly subject to 
large uncertainties; some of them are inherent and 
will remain, other are matters of practice and are 
bound to be reduced with the increased state of 
knowledge and prospective agreements on proce
dures for carrying out balanced evaluations. Inciden
tally, treatment and representation of uncertainties, 
which appears to be central in the support of decision
making, is another weak point of current studies. 

In no way should the deficiencies and difficulties 
currently being experienced, be viewed as disquali
fying the efforts to estimate the costs of environmental 
damage. Firstly, the discipline is extremely young, and 
tries to penetrate partially unexplored terrain. 
Secondly, we know for certain that environmental 
damages occur, although we may have difficulties in 
estimating them with the desired precision. Assigning 
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to them a value of zero, as was practised in the past, 
appears to be the worst possible solution. 

How do the current studies perform in terms of 
consistency of results? A review of some studies car
ried out during the last six years in Germany [2, 3, 4], 
Switzerland [1], USA [5] and within the EC/US study 
(preliminary, no published results yet), leads to the 
conclusion that the discrepancies between the exter
nal costs (associated with electricity generation based 
on different energy sources) as estimated by different 
authors are very large, sometimes amounting to a 
difference of several orders; of magnitude. Based on 
their results, some authors claim that full account of 
external costs of fossil and nuclear power would make 
solar and wind energy economically fully competitive 
today. Results of others contradict this claim. It 
appears that the latest, more detailed and compre
hensive studies produce in most cases more moder
ate estimates, although it remains to be seen whether 
this is a clear trend. The dominant contributor accord
ing to the most recent studies is global warming 
associated with fossil sources, albeit subject to very 
large and understandable uncertainties. 

The main reasons for the discrepancies between 
the studies are the different scopes and assumptions 
in the calculations. Factors which differ significantly 
are for example: credit given to renewables for 
avoided external costs of present (fossil, nuclear) 
electricity generation, resource depletion surcharge 
for fossil and nuclear, diverging estimates of environ
mental damages due to use of fossil fuels, discrepan
cies in the estimated public R&D transfers and, most 
drastically - treatment of severe nuclear accidents. 
There is no disagreement that the external costs 
associated with norma! operation of nuclear power 
plants are small, i.e. typically below 0.1 cents(US)/ 
kWh. Notably, accidents in fuel cycles other than 
nuclear have been frequently ignored or treated in a 

very simplistic manner. This is a serious deficiency 
since accidents do occur in various steps of the 
different fuel cycles, as illustrated by Figure 1. The 
Chernobyl accident (1986) is one of the accidents in
cluded in this figure; due to a very high number of 
estimated delayed fatalities (some of which have al
ready occurred, particularly among the "liquidators"), 
and other serious health and environmental impacts, it 
has clearly a special "prominence" in this context, not 
explicitly evident from the figure. 

The remaining part of this paper focuses on the 
estimation of external costs associated with severe 
nuclear accidents, an area where the discrepancies 
are most significant and where Paul Scherrer Institute 
(PSI) in co-operation with Energy Research, Inc. 
(ERI) has carried out research work [71. 

3 Contribution of Severe Accidents to 
External Costs of Nuclear Power 

Table 1 contains estimates of contributions of severe 
accidents to the external costs of nuclear power, ob
tained in different studies in recent years. All costs are 
expressed in cents(US)/kWh, based on exchange 
rates in March 1994. The end price of electricity in 
Switzerland is about 10.2 cents/kWh (production mix 
1990-92), which provides a perspective on the relative 
significance of the different estimates. 

The values in Table 1 cover a range of some five 
orders of magnitude. No attempt to express the prices 
in terms of present values was made here; this would 
actually, in most cases, further increase the differ
ences. It is worthwhile to consider which factors may 
have the primary influence on the numerical discrep
ancies between the different studies. The main ones 
are: 

2 g 

B5-20 Fatalities 
D21-50 
• 51-100 
EJmin. 101 

Year 

Fig. 1: Energy-related accidents leading to different number of acute fatalities, in the period 1945 -1992, 
according to the database recently established by the Paul Scherrer Institute [6]. 
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Hohmeyer [2, 3], Germany (1988; 1990): 

Friedrich & Voss [4], Germany (1993): 

Ottinger et al. [5], USA (1990): 

Ferguson, UK (1991): 

Masuhr and Oczipka [9], Switzerland (1994): 

CEPN [10], France (1994, preliminary): 

Hirschberg and Cazzoli [7] (1994): 

Mühleberg (CH): 
Peach Bottom (USA): 
Zion (USA): 

Table 1 : Some results from recent studies on contribution 

.• Accident frequency. The frequencies used in the 
different studies were either plant-specific, 
adopted from other plants or considered as ge
neric. There are cases where relatively high fre
quencies were allocated to specific, very severe 
consequences (corresponding to Chernobyl), 
apparently due to lack of understanding of the 
reference set of data used. Only this can explain 
the differences observed. 

• Magnitude of consequences. The amount of 
radioactivity released was either assumed, esti
mated on plant-specific basis or simply adopted 
from the Chernobyl accident. The extent of the 
consequences was then either calculated for the 
specific plant location or extrapolated using 
results obtained for other plants. Alternatively, 
Chernobyl-specific consequences were used with 
very limited adjustments for site-specific charac
teristics. In some cases the implementation of 
extrapolations and adjustments is subject to fla
grant errors. 

• Scope. The scope of the different studies ranges 
from consideration of one specific accident 
(typically Chernobyl) to systematic modelling of 
the full spectrum of hypothetical accidents; the 
latter approach, when properly implemented, pro
vides a set of consequences with specific magni
tudes and associated frequencies. Some studies 
are limited to coverage of only one type of conse
quence, i.e. radiation-induced health effects, oth
ers also provide estimates of emergency meas
ures and losses of land and property. 

• Risk integration. Risks are integrated by combin
ing the consequences with specific magnitudes 
and the associated frequencies. In most cases, 
the so called "product formula" was used where 
frequency of an accident is simply multiplied by 
the magnitude of its consequences. Some studies 
consider risk aversion by explicit or implicit alloca
tion of extra weights to events with very large 
consequences. As an example, the results of 
Prognos [9] show an increase by two orders of 
magnitude when such an approach is adopted. 

0.71 -7.08 cents/kWh; 2.05-12.4 cents/kWh 

0.006-0.041 cents/kWh 

2.3 cents/kWh 

7.4 cents/kWh (risk aversion included) 

0.0007 - 0.12 cents/kWh (under "risk neutrality") 
0.7 - 22.3 cents/kWh (under "risk awareness") 

0.00018 - 0.013 cents/kWh 

0.0001 - 0.0038 cents/kWh (mean value: 0.0012) 
0.0014cents/kWh (mean value) 
0.0069 cents/kWh (mean value) 

of severe accidents to external costs of nuclear power. 

• Economic parameters. Depending on the scope 
of economic analysis the results are particularly 
sensitive to the monetary values assigned to loss 
of life, land and property. The degree of sensitivity 
may in turn ba highly dependent on the plant-
specific spectrum of accidents and local condi
tions. 

Although, in most cases, the results have been 
claimed to be representative for specific plants in 
specific countries, they are at the same time fre
quently presented in a way that suggests a much 
more generic validity. All studies that lead to relatively 
high values use the total population dose estimated 
for the Chernobyl accident as the reference for calcu
lations concerning plants operating in the western 
world. Such an approach is associated with some 
fundamental problems: 

• One extreme accident which occurred al a plant 
with specific (flawed) design, operating in a spe
cific environment (low safety culture) and located 
at a specific site, is chosen to represent the whole 
spectrum of hypothetical accidents with varying 
consequences, or to provide the only reference 
for some highly questionable extrapolations. 

• The path leading to the estimation of conse
quences conditional on specific releases is purely 
deterministic (Chernobyl case); different weather 
conditions, accident management strategies, 
sheltering conditions and evacuation practices are 
not considered. 

The above applies also to the Prognos study [9], 
which nevertheless provides more realism in compari
son with some of the earlier studies, since it uses, for 
its lower range consequence estimate, release fre
quencies based on the Swiss regulatory review of the 
Probabilistic Safety Assessment (PSA) for the Mühle
berg plant [11]. However, the same frequencies were 
then applied to the other four Swiss plants which have 
very different designs. An arbitrary set of much higher 
frequencies was postulated by Prognos in order to 
estimate the upper range of consequences. These 
frequencies are unrealistic, apart from not having any 



basis. Furthermore, the associated highest release 
category is in the case of the Mühleberg plant, not 
relevant within the range of frequencies considered, 
due to the retention of radionuclides within the reactor 
building. 

The estimate by Friedrich and Voss [4] is based 
on a relatively old US PSA study whose results were 
modified to partially reflect the German conditions 
(e.g. population density); the authors regard this 
approach as rather rough and are clearly aware of its 
limitations. The French study performed by CEPN [10] 
uses four different assumed releases for which 
detailed consequence calculations were carried out 
for a hypothetical site in Germany, using release fre
quencies that are partially based on US studies. 

In two cases (Ferguson [8] and the second set of 
results obtained by Prognos [9]), subjective risks (risk 
perception) have been considered. Since superimpos
ing subjective aspects on expert-based estimates may 
have a decisive impact on the numerical results, this 
matter will be further considered in the latter part of 
the present article. 

4 PSI/ERI Case Study for Mühleberg 

The study performed by PSI in co-operation with ERI 
estimated external costs associated with hypothetical 
severe accidents at Mühleberg. The results obtained 
appear to be the first published attempt to assess 
external costs for a specific plant, based on a state-of-
the-art full scope PSA that covers the full spectrum of 
initiating events (including the frequently dominant 
external ones such as fires, earthquakes, floods, air
craft crashes etc.). Results obtained for two typical 
US plants (Peach Bottom and Zion) through elabora
tion of information from recent studies by USNRC 
[12], not covering external events, are also provided. 

The Mühleberg PSA was extended by calcula
tions of economic consequences of hypothetical 
severe accidents, using the economic effect models in 
the computer code MACCS developed by Sandia 
National Laboratories (USA). Two types of costs were 
modelled - costs resulting from early protective 
(emergency response) actions and costs resulting 
from long-term protective actions. Specifically, the 
following costs are covered: 

• food and lodging costs for short-term relocation of 
people; 

• decontamination costs for property that can be 
returned to use if decontaminated; 

• economic losses incurred while property (farm 
and non-farm) is temporarily interdicted to allow 
for radioactive decay to reduce ground concentra
tions to acceptable levels; 

• economic losses resulting from disposal of con

taminated milk and crops; 

• economic losses due to permanent interdiction of 
property. 

A similar economic model was used in the study 
carried out by CEPN [10]. Many of the contributing 
factors above have been either neglected or superfi
cially treated in most other past studies, since their 
estimation was not possible in view of scope limita
tions of the economic models used. The Mühleberg 
analysis includes also a systematic propagation of 
uncertainties and a full integration of the full spectrum 
of contributing release scenarios. 

Figure 2 shows the frequency of exceedance of 
external costs for Mühleberg, based on the total core 
damage frequency (including external events); this 
covers the economic losses specified above. 

Mühleberg Risks, Total CDF 
External Costs to 8 0 0 Km 

Frequency ol Exceedance (/Ry) 

1.0E*07 1.0E»08 1.0E»O9 1.0E«-10 

External Costs ($) 
I0E»11 

-5-th • 60-th •Mean 

Fig. 2: Mühleberg-specific frequency of exceedance 
of external costs of severe accidents with ra
diation-induced health effects excluded [7]. 
The mean can be regarded as the main refer
ence, while the 95-th percentile can be inter
preted as providing a bounding value. 

The estimated, integrated external costs reflect
ing the economic consequences covered in Figure 2 
(i. e. costs resulting from early and long-term protec
tive actions) amount to 0.0002 cents/kWh (mean 
value). The costs of radiation-induced health effects 
(totally dominated by latent cancers), were quantified 
separately and added to those implicitly accounted for 
in Figure 2. This leads to an estimate of the total 
external costs of severe accidents at Mühleberg 
(mean: 0.0012 cents/kWh; 5-th percentile: 0.0001 
cents/kWh; 95-th percentile: 0.0038 cents/kWh). 
Thus, the final results are dominated by costs asso
ciated with health effects and are moderately sensitive 
to the difficult-to-assess and possibly underestimated 
costs of land and property. No discounting of the 
value of life was used when evaluating the costs of 
delayed fatal and non-fatal cancers. 
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5 Conclusions 

The following points summarise the essence of this 
article and provide some additional views based on 
insights gained in the course of related work carried 
out at PSI. 

1. Estimation of external costs associated with 
power generation is a complex and resource de
manding task. Adequate analysis approaches for 
some of the central topics have been developed 
only recently and there is no general consensus 
on procedures that should be employed. It is an 
open question as to whether such a consensus 
can be reached in the near future, although an 
open discussion and further serious research will 
certainly help to resolve some of the issues today 
regarded as controversial. This appears to be one 
necessary prerequisite for serious internalisation. 

2. Severe accidents are not treated in a satisfactory 
way in the existing studies. Whi!e it is under
standable that severe nuclear accidents attract 
most attention in this context; for a balanced and 
consistent assessment, accidents in the different 
steps of other fuel cycles need to be considered 
as well. This statement is supported by the statis
tical records of energy-related accidents, as re
flected in Figure 1. One problem concerning acci
dents in different fuel cycles is that the state of 
knowledge concerning analysis of such accidents 
is, in several cases, very limited and inhomoge-
neous. It is worth noting that, among the major 
fuel cycles, the origin of dominant contributors to 
external costs associated with potential accidents 
is different. Thus, in the Swiss case, only in the 
case of nuclear and hydro are the domestic power 
production facilities expected to be dominant. For 
other fuel cycles the risk potential stems 
predominantly from up- and down-stream proc
esses, which frequently are external to Switzer
land. There is no reason for ignoring these contri
butions when estimating external costs. 

3. Estimates of external costs of severe nuclear 
accidents show the largest discrepancies in the 
past studies and are considered controversial. 
Independently of the numerical results, use of the 
Chernobyl accident as the only reference for the 
assessment of environmental consequences is 
more than questionable. Generally, state-of-the-
art, rational and defensible methodological 
approaches, based on full scope plant-specific 
PSAs, have not been used before in this context. 

4. The results obtained for the Mühleberg plant by 
use of a full scope PSA show a low (quantifiable) 
contribution of severe accidents to the external 
costs of nuclear power. This insight appears to be 
consistent with the results obtained for two US 
plants and for a French plant, using analysis 
approaches which have more limited scope but 

some basic methodological similarities with the 
one employed for Mühleberg. Generalisations 
should be avoided - the indication is applicable to 
plants with high safety standards and only within 
the limited boundaries of the analyses performed 
(see point 6 below). Risks are strongly plant- and 
site-specific; the results obtained for Mühleberg 
are expected to represent the lower range of risks 
and consequently of external costs attributable to 
nuclear accidents. Reasons for this expectation 
are: relatively low radionuclide inventory (low 
power), low population density in the immediate 
proximity of the plant and the extensive backfitting 
that has been implemented (resulting in low acci
dent frequencies). 

5. Within the limited scope of the economic conse
quence models that have been applied, the most 
important cost-driving parameters in the case of 
accidents with very extensive external conse
quences are: the value of life and the price of in
terdicted/condemned land. Both these parameters 
may be assigned according to different principles 
and the absolute levels are disputable. Most of 
the studies (including the one carried out by 
PSI/ERI) use about 4 million US$ for each cancer 
fatality and no discounting; this value is usually 
considered as high. There is much more variability 
with respect to the assigned prices of rural and 
urban land. Although there is reason to believe 
that these values have been underestimated in 
the PSI/ERI study, in which common with most 
other studies cited here the cost of health effects 
dominate, the final results are moderately sensi
tive to prices of land. This means that although 
the total external cost assessed for the Mühleberg 
plant could increase substantially in relative terms 
given a very large increase of the value of land, it 
would still remain low in comparison with the 
internal costs. 

6. While the physical impact models employed in the 
state-of-the-art PSA analyses are subject to a 
number of intrinsic limitations, they are by and 
large adequate as a basis for estimation of exter
nal costs. On the other hand, while the current 
economic models connected to the consequence 
codes and employed in the CEPN and PSI/ERI 
studies are more advanced than those used in the 
other studies, they are still relatively primitive. 
Generally, the analyses are limited to the land 
areas that are directly affected by the accident. 
For accidents which lead to long disruption peri
ods there will be impacts on other areas and 
many sectors of the economy are likely to be 
affected. To simulate such effects, both at 
regional and national level, the input-output meth
odology that accounts for the interactions 
between the economic sectors, could be 
employed. Furthermore, recreational value of land 
or impacts on tourism have not been explicitly 
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considered. Consideration of ecological damages 
has been limited to agriculture. The question of 
reasonable boundaries for the analysis of external 
costs applies naturally not only to nuclear acci
dents but to external cost analyses in general. 

7. Few of the past studies try to account for subjec
tive aspects of risks (risk perception). The avail
able attempts to express risk aversion in terms of 
external costs do not inspire much confidence and 
lack scientific basis. This means that, in principle, 
any result can be obtained and that once the 
subjective risks are superimposed on the objec
tive ones (not perfect but obtained as a result of a 
systematic and transparent process), they tend to 
overshadow them. The aversion towards specific 
risks is not homogenous within any society. The 
issue is, however, important and deserves atten
tion. Extreme nuclear accidents which could 
potentially lead to severe land contamination of 
long duration, would also result in social detriment 
much beyond the quantifiable components of 
health and economic detriments. In spite of reas
suring expert assessments some people will 
remain worried about cancers, genetic damage 
and safety systems that may fail to perform as 
planned. Perceptions of risk may lead to behav
iour that in turn leads to actual costs. It is clear 
that the public perception of risks must be taken 
into account in the decision-making process 
(acceptability of technology) but it is a different 
issue as to whether this aspect has anything to do 
with external costs. If yes, methods for treatment 
of this topic that are better suited than the primi
tive ones employed in few of the past studies, are 
now emerging. 

8. External costs associated with rare severe acci
dents are of interest primarily for comparison, 
which in turn may support the decision-making 
process. There appears to be a disputable ra
tionale behind internalisation of costs of events 
which, with a very high probability, will not occur 
during the life-time of the plants being examined. 
A question arises as to how the funds being 
accumulated would be used after decommission
ing of plants with successful operational records 
(no accidents). Practical implementation issues 
are also partially open in the case of effects of 
normal operation of energy sources. However, 
detrimental impacts associated with normal 
operation and with operational incidents, are not 
hypothetical but deterministic. 

6 References 

[1 ] OTT W. et al. (1994), Externe Kosten und kalkula
torische Energiepreiszuschläge für den Strom-
und Wärmebereich. Bericht 724.270 D, Bundes
amt für Konjunkturfragen, Bern, 1994. 

[2] HOHMEYER O. (1988), Social Costs of Energy 
Consumption. External Effects of Electricity Gen
eration in the Federal Republic of Germany. 
Springer-Verlag, Berlin, Heidelberg, New York, 
London, Paris, Tokyo, 1988. 

[3] HOHMEYER O. (1990), Latest Results of the Inter
national Discussion on the Social Costs of 
Energy - How Does Wind Compare Today? The 
European Commission's Wind Energy Confer
ence, Madrid, Spain, September 1990. 

[4] FRIEDRICH R. AND VOSS A. (1993), External Costs 
of Electricity Generation. Energy Policy, 21 
(1993)114-122. 

[5] OTTINGER et al. (1990), Environmental Costs of 
Electricity. New York, London, Rome, 1990. 

[6] HIRSCHBERG S. AND PARLAVANTZAS C. (1994), 
Severe Accidents in Comparative Assessment of 
Energy Sources: Current Issues and Actual 
Experience Data. Invited Paper presented at 
PSAM-II, San Diego, California, U.S.A., 20 - 25 
March 1994. 

H HIRSCHBERG S. AND CAZZOLI E. (1994), Contribu
tion of Severe Accidents to External Costs of 
Nuclear Power. ENS Topical Meeting on 
PSA/PRA and Severe Accidents '94, Ljubljana, 
Slovenia, 17 - 20 April 1994. 

[8] FERGUSON R. (1991), Environmental Costs of 
Energy Technologies - Accidental Radiological 
Impacts of Nuclear Power (Draft Report). 

[9] MASUHR K. P. AND OCZIPKA T. (1994), Die 
externen Kosten der Stromerzeugung aus 
Kernenergie. Materialen zu PACER, Bericht 
724.270.2d, Bundesamt für Konjunkturfragen, 
Bern, 1994. 

[10] CEPN (1994), The External Costs of the Nuclear 
Fuel Cycle. Preliminary Results of the CEC-DOE 
Project on External Costs of Fuel Cycles". Pres
entation by J. LOCHARD at SGK Seminar on 
"External Costs of Nuclear Power", Zurich, Swit
zerland, 20 May 1994. 

[11] HSK (1991), Gutachten zum Gesuch um unbe
fristete Betriebsbewilligung und Leistungs
erhöhung für das Kernkraftwerk Mühleberg. 
Bericht HSK 11/250 (KSA 11/150), 
Hauptabteilung für die Sicherheit der Kernanla
gen, Würeniingen, 1991. 

[12] USNRC (1990), Severe Accident Risks: An 
Assessment for Five U.S. Nuclear Power Plants. 
Final Summary Report. NUREG-1150, U.S. 
Nuclear Regulatory Commission, Washington 
DC, 1990. 

17 





SAPHIR, How it ended 

R. Brogli, J. Hammer, L. Wiezel, R. Christen, H. Heyck and E. Lehmann 
Laboratory for Reactor Physics and Systems Engineering 

ABSTRACT 

On May 16th, 1994, PSI decided to discontinue its 
efforts to retrofit the SAPHIR reactor for operation at 
10 MW. This decision was made because the effort 
and time for the retrofit work in progress had proven 
to be more complex than was anticipated. In view of 
the start-up of the new spallation-neutron source 
SINQ in 1996, the useful operating time between the 
eventual restart of SAPHIR and the start-up of SINQ 
became less than two years, which was regarded by 
PSI as too short a period to warrant the large retrofit 
effort. 

Following the decision of PSI not to re-use 
SAPHIR as a neutron source, several options for the 
further utilization of the facility were open. However, 
none of them appeared promising in comparison with 
other possibilities; it was therefore decided that 
SAPHIR should be decommissioned. A concerted 
effort was initiated to consolidate the nuclear and 
conventional safety for the post-operational period. 

1 What was SAPHIR? 

SAPHIR was a swimming pool reactor using MTR fuel 
elements. It went critical in April 1957 and initially 
operated at a power level of 1 MW. After several 
modifications and improvements over the years, the 
power was successively increased. From January 
1984, SAPHIR operated at a thermal power of 10 at 

MW. The typical operation schedule was three weeks 
full power followed by one week for reloading and low 
power operation. Thus, a total of about 270 days of 
operation per year was achieved (see Fig. 1). The 
reactor staff consisted of about twenty licensed per
sons (see Fig. 2). 

At full power operation the reactor was mainly 
used for: 

• Neutron scattering experiments - solid state phys
ics experiments for which three double- and two 
triple-axis spectrometers were in operation 

• Isotope production - for medical and industrial 
applications 

• material testing - fuel irradiation experiments 
(FILOS), irradiation of Low Activation Materials 
(LAM) and irradiation of pressure vessel steel 
(STILO); 

• activation analysis 

• silicon doping and other irradiation services; and 

• irradiation testing of low enriched MTR fuel ele
ments (RERTR program). 

During the low power operation phase the reactor 
was used for training and education of power station 
operating personnel and students ("praktika"). In addi
tion to the performance of experiments, improvements 
of the reactor and its safety systems were also 
accomplished during the low power operation. These 
various applications of SAPHIR are shown in Fig. 3. 
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Fig. 3: SAPHIR experimental program 1988 to 1993, R0-R5 and T1/T6 are different beam line designations 
hours of utilization 

2 SAPHIR, the Alternate Neutron 
Source? 

Since the mid-eighties, PSI has been developing and 
building a new neutron source, the spallation source 
SINQ at the 590 MeV proton accelerator. This neutron 
source, scheduled to start its operation in 1995/96, 
will provide a broad spectrum of neutrons, including 
very cold neutrons, to its users. The predominant 
SAPHIR users, those involved in neutron scattering 
experiments will utilize, in the future, SINQ as their 
main source of neutrons. In order to evaluate the 
interest and the possible necessity of SAPHIR opera

tion after the SINQ-start-up, a meeting with all the 
SAPHIR users was held in August 1992. 
The various research groups expressed their needs 
and their finançai support potential for the operation of 
SAPHIR after 1996 (in Table 1 the degree of needs 
are indicated with 1-3 crosses X). It was concluded 
that without the availability of a group to design and 
perform the irradiations at SAPHIR, there was little 
demand for high fluences. There was a potential 
interest for high fluxes and short irradiations times, 
expressed by university research teams, but without 
any possibilities for any support by these teams. The 
strongest SAPHIR need was expressed by the 
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Application 

Education, 
Demonstration 
Medicina; Production of 
Therapy-Nuclides 
Neutron Scatterinq 
Neutron Activation 
Analysis, NAA 
Neutron-Radioqraphy 
Fuel and Component 
Test Irradiations 

Low 
Flux 

XXX 

X 

X 

High Flux 
Irradiation 

Time 
Short 

XX 

XXX 

XX 

Long 

(X) 

X 

XX 

Support 
Potential 

XX 

X 

— 

— 

— 

(XX) 

Comments 

The reactor-operator school needs a reactor for 
training (use -10-15 days per year) 
Interesting for research, no further commercial 
isotope production 
SAPHIR as a backup for SINQ 
Irradiations for university research institutes 
(strong interest but little support capabilities) 
Support for university research, industries 
Strong interest, but subject to the availability of an 
irradiation technology group (not available at PSI) 

Conclusions: — Litt e demand for high fluxes over long periods. 
— More demand for short irradiations, but little commitment for financial support. 
— Difficulty to maintain a good staff (responsible and creative), 

if the operation has little potential and is not challenging. 

Table 1 : SAPHIR-Utilization opinion of the users 

utilities, for training and demonstration purposes (10-
15 days per year). In view of the lack of an over
whelming demand for SAPHIR utilization, the very 
small outside support, and the considerable cost of 
operation and the responsibility for the nuclear facility, 
PSI decided to shut down the SAPHIR reactor after 
the anticipated start-up of SINQ as a reliable source 
at the end of 1996. 

3 SAPHIR Safety and Safeguard Defi
ciencies? 

Over the years, SAPHIR has accumulated several 
deficiencies, a few caused through operation actions 
but for the most part due to increased safety and 
safeguards requirements: 

• Renovation and expansion of the reactor-protec
tion system (a requirement of the safety authority, 
HSK). 
The SAPHIR reactor protection system (RPS) en
sured that, during operation, the reactor power and 
period stayed within prescribed limits. HSK re
quired that the components of the renovated Reac
tor Protection System should fulfil "state of the art" 
requirements. HSK further demanded that a quali
fied surveillance for sufficient coolant flow through 
the core be included in the RPS, and that the RPS 
have qualified protection against fire, lightning and 
earthquake. In March 1992 the HSK limited the 
operating permit to December 31, 1993 - unless 
these requirements could be fulfilled. 

• Improved physical protection of SAPHIR (BEW 
requirement). 
Since nuclear material is stored at SAPHIR which 
is classified by category I according to IAEA-

INFCIRC 225, and since the resistance value of 
the institute fence has been downgraded with re
spect to safeguards, the pressure to upgrade the 
physical protection of SAPHIR increased. In par
ticular, BEW insisted on the installation of entry 
locks for individual accounting and state of the art 
perimeter surveillance. 

• Necessary improvement of the primary coolant 
loop. 
In support of the world-wide effort to reduce the 
nuclear proliferation threat, SAPHIR started to use 
fuel elements containing low enriched uranium 
(LEU) fuel instead of the previously used high en
riched uranium. However, due to the higher power 
peaking factors of the LEU fuel, the design safety 
margin against insufficient cooling would then be 
reduced. Experiments and analyses to investigate 
the various aspects of the cooling of the core 
showed a number of limiting phenomena 
(stratification in the pool, limited degasification, 
uncertainty in the mass-flow measurement). In 
order to maintain a sufficient safety margin, includ
ing uncertainties, the power of the reactor was 
reduced to about 6 MW in August 1992. 

A summary of the perceived deficiencies and the 
necessary shutdown-time for these improvements is 
given in Table 2. 

Reactor Protection System 
Physical Protection of Entrances (Safeguards) 
Improvement of Primary Circuit and Ion-
Exchangers 

-> Planned shutdown-time - 5 months 

Table 2: Perceived deficiencies which (before 1992/93) 
were thought to need improvements. 
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4 SAPHIR Annexe 

In order to eliminate the SAPHIR deficiencies, a ret
rofit program was planned. The main task was the 
construction of the RPS in an annexe building, thus 
providing the necessary protection (fire, lightning, 
earthquake) of the RPS itself. This would have 
allowed the construction and testing of the new RPS 
before decommissioning the old RPS, and a switch 
over to the new system would take place after 
thorough testing. This new annexe would also serve 
as a safeguarding-lock for the sensitive entry to the 
reactor hall. 

The improvements of the primary coolant loop, 
(systems for adequate degasification and water 
cleanup), were planned for the basement of this 
annexe building. 

This annexe building project was abandoned in 
January 1993 due to the rather high costs of about 5 
million sFr. and in view of the short time span of 
planned operation until the end of 1996. 

5 SAPHIR Retrofit 

Because the plans for an annexe building were can
celled, the substance of the above-mentioned im
provement program had to be planned and imple
mented within the confines of the existing SAPHIR 
building. An intensive concept evaluation, planning 
and negotiation process with the various responsible 
agencies occurred in 1993. 

Significant achievements were accomplished: 

• A revised concept for the RPS within these bound
ary conditions, including a safety analysis, was 
submitted to the HSK in March 1994. The retrofit 
concept describing all other improvements was 
presented in May 1994. 

• In summer 1993 a new external and internal light
ning protection system was designed and installed 
in- and outside the SAPHIR building. 

• A proposal for adequate physical protection of the 
SAPHIR building, taking into account the fire 
escape requirements, which often conflict with 
safeguard requirements, was submitted to the 
agencies overlooking safeguards and conventional 
safety. Consensus has been reached, but ap
provals had not been received. 

• The primary coolant loop improvements were in
stalled and successfully tested (qualified and certi
fied mass-flow measurements, degassing equip
ment, improved heating and stabilisation of the 
stratifying layer, etc.). 

• The capability for 2 and 3 dimensional calculations 
of power distributions and thermohydraulic core 

analysis were acquired, enabling the reduction of 
uncertainties in the cooling conditions of the core. 

• In June 1994 SAPHIR was about to receive the 
HSK approval of the RPS and the retrofit concept. 

The original planning of the retrofit project envis
aged a shutdown of about 5 months. The detailed 
planning however revealed that the necessary time for 
resolvi.ig the conflict between the fire escape and 
safeguard requirements was greatly underestimated. 
Furthermore, the installation of a qualified seismic 
protection system for the RPS in the old building 
proved to be more complex, more time-consuming 
(for approvals) and costlier than anticipated. 

To summarize, PSI made an effort to retrofit 
SAPHIR. In view of the limited remaining operation 
time of about two years, before the definitive shut
down of SAPHIR at the end of 1996, PSI tried to 
minimise its investments in the retrofit by proposing 
adequate, but not generous, technical solutions. This, 
however, led to lengthy negotiations with the authori
ties. These difficulties are summarized in Table 3. 

In May 1994 the shutdown was planned to last 
until February of 1995 but there was still uncertainty 
as to whether this period would be sufficient. There
fore, the PSI management decided to abandon its 
effort to retrofit SAPHIR for operation as a neutron 
source. PSI management asked those responsible for 
SAPHIR to make proposals for SAPHIR's future use 
as a low power reactor. 

Table 3: Difficulties encountered in the planning of 
the retrofit program 

- Physical protection of SAPHIR as part of a larger 
safeguard concept 

- Conventional safety (fire-escape, lightning) 

- Improved physical protection conflicts with fire 
protection 

- Nuclear qualified protection of the RPS with 
respect to 

• fire 
• seismic events 
• lightning 

- Quality assurance for all safety-relevant working 
steps 

- PSI attempts to realize the retrofit with minimal 
costs, leading to a 

• technically adequate solution and 
• large PSI self-production 

(soft- and hardware) 

-» Lengthy negotiations with authorities to find con
sensus 

-» Planned shutdown time increased 
t o - 1 5 months 
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6 Possible Option for SAPHIR-
Utii ization 

Together with the decision of PSI not to continue 
operation of SAPHIR as a 10 MW neutron-source, it 
was decreed that, in the future, PSI will operate only 
one reactor, either SAPHIR or PROTEUS. 

The three envisaged options for SAPHIR pre
sented themselves, (somewhat simplified) as: 

- Use of SAPHIR as a zero-power reactor for reactor 
physics experiments and a demonstration-reactor 
for schooling purposes. This would mean that the 
future reactor physics experiments at the 
PROTEUS would have to be performed at 
SAPHIR. Since PROTEUS, as zero-power facility, 
shows considerably more flexibility for reactor 
physics experiments, the PSI scientists preferred 
not to use SAPHIR as their only zero-power reac
tor. 

- Use of SAPHIR as a fuel storage facility. At pres
ent there is a significant amount of fuel stored in 
SAPHIR; spent and fresh MTR fuel elements, 
special fuel from previous fuel projects, and minor 
amounts of fissile materials are present. If that fuel 
remains in SAPHIR, and it is difficult to imagine 
that it could be stored somewhere else, then 
SAPHIR becomes, by default, storage facility. 

- Decommissioning of SAPHIR. 

From these three options, PSI management 
chose, on July 14th, to decommission SAPHIR. The 
fuel shall be removed from PSI as soon as possible 
but shall remain in the SAPHIR pool until it can be 
transported away. Plans to dismantle the reactor shall 
be developed with the aim preparing the building for 
non-nuclear use. 

7 SAPHIR and its Training Aspects 

Since 1958 a total of 487 university students, 2210 
engineering students and over 400 reactor operator 
trainees from the Swiss nuclear power plants have 
participated in reactor and radiation physics experi
ments and demonstrations at SAPHIR. Numerous 
PhD degrees were acquired in various fields such as 
neutron scattering, radiochemistry and materials 
research. The SAPHIR swimming pool concept and 
its facilities made the reactor an ideal training tool for 
demonstration and acquisition of "experience of the 
real thing". 

These advantages became very obvious after the 
permanent shutdown of SAPHIR, when alternative 

solutions were needed. PSI's research reactor 
PROTEUS is not very well suited for fundamental 
training because its core is usually configured for the 
testing of experimental fuel designs. Alternative Swiss 
training reactors, with various drawbacks compared to 
SAPHIR, are CROCUS at the Federal Institute of 
Technology in Lausanne and a swimming pool reactor 
(AGN 211P) at the University of Basel. 

Following the experience of a first training exer
cise with engineering students, the reactor at the Uni
versity of Basel was found acceptable for fundamental 
training, although not fully equivalent to SAPHIR. 
CROCUS at Lausanne also offers possibilities, but 
with the geographical drawback of being situated at a 
greater distance from PSI. 

8 Post Operational Activities 

After the decision to shut SAPHIR down, an evalua
tion process started, taking into account the licensing 
situation, the operational state of the facility, the 
nuclear and the conventional safety situation and the 
personnel. It was decided to decommission SAPHIR 
in two phases: 

- The consolidation phase-lasting about two years. 
During this period the reactor shall remain under 
the existing operating license, implying that the 
security surveillance will be maintained. The staff 
will be reduced since shift operation is no longer 
needed. During this consolidation phase the fol
lowing tasks will be accomplished: 

• Measures (will be introduced) to improve the 
fire protection and other conventional safety 
hazards. 

• A technical and radiological surveillance system 
- to adequately protect the shutdown facility -
will be implemented. 

• A strong effort will be made to remove all 
SAPHIR fuel, spent and fresh, from PSI. 

• A safety analysis report for the decommission
ing will be written and submitted to HSK. 

- The shutdown phase of the decommissioning will 
start when the safety analysis report has been 
approved by HSK and the spent fuel has been 
removed from the SAPHIR pool. During that period 
the activated and contaminated components will 
be removed and safely disposed of. At the end of 
this phase the SAPHIR reactor hall and the offices 
shall be available for unrestricted non-nuclear use. 
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ABSTRACT 

A range of mixtures of plutonium and different burn
able poisons (BPs) have been considered from the 
viewpoint of providing a possible LWR fuel without 
uranium. The reactor physics feasibility of such mate
rials for enabling a considerably more effective incin
eration of plutonium than is possible with PuO/U02 

(MOX) fuel has been investigated in terms of burnup 
reactivity swings, temperature and void coefficients 
and control absorber worths. The potential for reduc
tion of total-Pu has been shown to be - 3 times 
greater than with MOX, the difference in possible re
duction factors being much more striking in terms of 
the quantity of fissile-Pu. It has been found that the 
specific effects of a given BP are crucial in determin
ing the burnup and controllability characteristics of the 
hypothetical LWR fuel considered. As such, an 
improved overall performance can result from using a 
suitable mixture of BPs, rather than one individual 
type. Further, the influence of the "inert matrix" 
employed for the Pu-BP fuel can also be significant -
on the void coefficient, in particular. The need has 
thus been indicated for optimizing the Pu-BP fuel 
composition in terms of both the BPs and the inert 
matrix. Finally, the scoping character of the present 
investigations needs to be stressed. The various 
results have all been obtained on the basis of unit cell 
and simplified fuel assembly calculations, and there 
has been little explicit consideration of materials 
aspects as such. 

1 Introduction 

The availability of plutonium in quantities far beyond 
projected needs is a relatively novel situation. With 
LWRs likely to continue to dominate the nuclear 
energy scene, it has become important to consider 
their potential role for reducing - and thereby helping 
to regulate - the large plutonium inventorias world
wide. Thus, while the "self-generated" mode of pluto
nium recycle in LWRs, involving the use of PuOg/UC^ 
(mixed oxide, or MOX) for constituting 30 to 40% of 
the core, is coming into broader practice in Europe [1], 
it does not represent a possible solution in the above 
context. This is because about the same amount of 

new plutonium is generated as that consumed. 
Designs for 100%-MOX cores are being investigated, 
and an effective reduction of plutonium would certainly 
be achievable with these [2]. The buildup of new 
plutonium from the uranium present in the MOX, how
ever, remains disadvantageous from the viewpoint of 
inventory reduction and also enhances the need for 
multiple recycling. 

The work reported here extends investigations 
reported recently on the physics feasibility of LWR 
plutonium fuels without uranium, [3, 4]. Mixtures of 
plutonium and different individual burnable poisons 
(BPs) - as well as the possible use of a combination 
of BPs - have been considered. Without specific 
regard having been given to materials aspects, the 
physics performance of these hypothetical fuels is 
assessed in terms of burnup reactivity swings, tem
perature and void coefficients and control absorber 
worths. The much higher potential for reducing pluto
nium inventory is compared with that for a 100%-MOX 
core, as are also the isotopic composition of the dis
charged plutonium and the amounts of minor actinides 
(Np, Am, Cm) generated. Further, the influence of the 
"inert matrix" has been investigated - particularly with 
respect to reactivity coefficients. 

2 Calculational Models 

The various results presented here were obtained on 
the basis of unit cell and/or simplified fuel assembly 
calculations. In each case, the BOXER code, which 
forms part of the LWR code system, ELCOS, was 
used [5]. 

2.1 Cell and Assembly Descriptions 

Since compatibility with current-day pressurized water 
reactors (PWRs) is an important goal, the unit cells 
considered have been of PWR-type with common 
characteristics as given in Table 1. 

Six individual BPs, as well as one particular BP-
mixture, were selected for the present study, the 
hypothetical fuel material in each case consisting of 
the particular BP mixed with Pu and dispersed in an 
"inert matrix". The plutonium density assumed was 
0.8 g/cm3, i.e. close to the values which occur in LWR 

1 co-affiliation: Swiss Federal Institute of Technology, CH-1015 Lausanne 
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MOX fuels, and the inert matrix for most of the cases 
calculated (all, except those discussed additionally in 
Section 3.5) was Al203 of density 3.0 g/cm3. The BP 
density, in each case, was adjusted to yield a k„ 
-1.13 at beginning of life (BOL) with HFP (Xe-free) 
conditions. Table 2 gives the various poison density 
values used, the single BP-mixture considered being 
40/60 atom% boron/holmium. The isotopic composi
tion for the BPs corresponded to the natural composi
tion in each case (boron, rhodium, indium, europium, 
holmium and hafnium). 

In order to provide comparative values for Pu 
composition in the assessment of performance indi
ces, two reference LWR unit cells have been consid
ered, viz. 

(1) with U02 fuel of 4.3 w% 235U enrichment and 
10.4 g/cm3 density and 

(2) with MOX fuel of density 10.2 g/cm3, containing 
0.69 g/cm3 plutonium of 71.2 w% fissile enrich
ment, the uranium being of 0.25 w% enrichment. 

The isotopic composition assumed for the pluto
nium in the various Pu-BP fuels approximated that 
obtained from LWR U0 2 fuel with a burnup of 42 
GWoVt and 5 y cooling time [2]. This composition is 
compared below with that considered for the refer
ence MOX cell: 

238pu 239py 240pu 241 p u 242py 

Pu-BP: 2.7 54.5 22.8 11.7 8.3 
MOX: 1.8 59.0 23.0 12.2 4.0 

For the relative evaluation of control rod worths, 
a single fuel assembly configuration has been consid
ered. This consisted of 20 control rod positions in a 15 
x 15 assembly, as indicated in Fig. 1. 

Fuel diameter: 

Clad (material): 
inert diam.: 
outer diam.: 

Square pitch: 

Boron in water: 

9.13 mm 

zircaloy 
9.30 mm 
10.75 mm 

14.30 mm 

none 

Hot full power (HFP) 

Fuel temp.: 
Clad temp.: 
Water temp.: 

Pressure: 

Power density: 

conditions: 

600 °C 
315 °C 
300 °C 

158.8 bar 

103 MW/m3 

Table 1 : Common Characteristics for the Unit Cells 

2 

-«——— 

2 

2 

2 

I f 

1 

O.lmi 

2 

2 

XI » 

/ 

Zone 1 : homogenized fuel cells 

Zone 2: homogenized guide tubes, with or without 
control rods 

guide tubes (zircaloy): 
inner/outer diameter: 12.4/13.8 mm 

control rods (Ag/ln/Cd -81/14/5 w%): 
density: 9.9 g/cm3 

diameter: 8.9 mm 
clad (SS-304): 

density: 7.9 g(cm3) 
outer diameter: 10.1 mm 

Zone 3: H20 layer, 0.55 mm half-thickness 

Fig. 1 : Layout (one quarter) assumed for the calculation 
of control rod worths for the 15 x 15 fuel assembly. 
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Cell Type 
(BP) 

B 
Rh 
In 
Eu 
Ho 
Hf 

B + Ho 

BP density 
g/cm3 

0.0188 
0.467 
0.27 

0.0408 
038 

0.325 

0.15 

BP isotopic composition 
atom % atomic weights 

20.0/80.0 
100 

4.3/95.7 
47.8/52.2 

100 
0.2/5.2/18.6/27.1/13.7/35.2 

8.0/32.0/60.0 

10/11 
103 

113/115 
151/153 

165 
147/148/149/150/152/154 

10/11/165 

Table 2: Density and Isotopic Compositions for the Burnable Poisons (Pu Ai203 densities in 
the fuel zone are 0.8 and 3.0 g/cm3, respectively, in each case) 

2.2 Calculational Methods and Data 

The present analyses were carried out using the 
BOXER code which forms part of the LWR code sys
tem, ELCOS [5]. Both cell and two-dimensional trans
port/depletion calculations can be performed by 
BOXER, the former in 70 energy groups and the latter 
after collapsing to a reduced number of broad groups. 
Eight broad groups were used for the current fuel 
assembly calculations. 

An important feature of the cell calculation is the 
treatment of the resonance energy range between 1.3 
and 907 eV; self-shielding of the cross-sections being 
achieved via a two-region collision probability calcu
lation in - 7500 energy points. Resonance interaction 
effects are thereby taken into account explicitly. 
Above 907 eV; the resonance cross-sections are 
interpolated in the more usual fashion, i.e. as func
tions of temperature and dilution employing appropri
ate tables. 

The data library used for the BOXER calculations 
was generated from the Joint European File, JEF-1 
[6]. Considerable refinement of the burnup treatment 
was undertaken recently in the context of actinide 
transmutation studies [7], and the present library 
contains 34 actinides, from 232Th to 248Cm, and 55 
explicit (plus 2 pseudo) fission products. For the cur
rent study, data was generated for additional nuclides 
corresponding to the BPs considered. 

Validation of BOXER calculations, using its JEF-
1 library, has been carried out in the past largely on 
the basis of H20-moderated, U0 2 criticals [8]. In order 
to enable a more relevant assessment for the present 
calculations, some of the 7.5% Pufiss MOX experi
ments in the PROTEUS-LWHCR programme [9] have 
also been analysed. Satisfactory agreement was ob
tained with experimental results, reflecting adequate 
accuracies for calculating individual reaction rates in 
the plutonium isotopes [4]. 

3 Calculational Results 

The principal results discussed for the various Pu-BP 
fuels pertain to the reactivity variation with burnup 

(which is a constraint on the maximum core-residence 
time and hence on the effective plutonium reduction 
achievable), the changes in individual nuclide densi
ties, reactivity coefficients and control absorber 
worths, as well as effects of the inert matrix on the 
physics characteristics. 

3.1 Reactivity Variation with Burnup 

Because of the different absorption cross-sections 
and burnup chains involved, cell calculations for the 
various Pu-BP fuels yielded large differences in the 
reactivity variation with burnup. Fig. 2 shows the re
sults for the seven cases considered and compares 
these with the corresponding variations for the refer
ence U02 and MOX cells (Section 2.1). 

It is seen that relatively short core-residence 
times would be necessary with Rh, In, Ho or Hf as 
BP. On the other hand, as indicated in Section 3.3, 
individual reactivity coefficients for several of these 
Pu-BP fuels are found to be quite favourable. 

With B and Eu, there is a slight increase in reac
tivity initially before the fall occurs, so that up to -1500 
irradiation days (corresponding to - 53 GWd/t for a 
current-day PWR) would be possible - from reactivity 
loss considerations alone. A relaSyely flat reactivity 
variation was also reported earlier with erbium [4]. In 
all of these three cases however, there are certain 
difficulties with respect to the reactivity coefficients -
which provides the incentive to consider mixing BPs 
for achieving a more favourable overall behaviour. 
The 40% B - 60% Ho case, depicted in Fig. 2 (b), 
provides an illustrative example in the current study. 

3.2 Nuclide Density Changes 

Apart from changes for the Pu-isotopes, the produc
tion of the minor actinides (MAs) - Np, Am and Cm -
has also been considered, with 1500 irradiation days 
assumed in each case. All nuclide densities have 
been normalized to the initial amount of plutonium, i.e. 
that at zero burnup. Since the results obtained were 
very similar for the various Pu-BP fuels, two represen
tative cases (for which the 1500 irradiation days would 
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indeed be feasible) are depicted in Tables 3 and 4, 
viz-Pu-Eu and Pu-B-Ho. In each case, comparative 
results are given for the reference MOX cell. 

The total-Pu reduction achieved is about 68% for 
the Pu-BP fuels, ~ 62% being fissioned and 6 to 7% 
being converted into MAs. This corresponds to a plu
tonium "incineration" rate of - 1.14kg/GWd, i.e. a 
figure quite comparable to that being aimed at for 

advanced concepts in the French CAPRA program 
with fast reactors [1]. The result for the MOX fuel is a 
total-Pu reduction of 30% (-0.38 kg/GWd), with the 
conversion to MAs only slightly lower at 5.5%. If one 
considers the changes in Pu-isotopics in conjunction 
with the total-Pu reduction, one finds that the 239PU 
content of the PU-BP fuels is reduced by as much as 
95%, as compared to - 47% in the MOX case. 

—r-
200 

— i 1 1 1 1 r — I 1 1 . 1-

400 600 800 1000 1200 1400 

Irradiation [ d ] 

MOX 

Pu-BP, 0.0188g/cc B 

Pu-BP, 0.0408g/cc Eu 

Pu-BP, 0.15g/cc B+Ho 

800 

Irradiation [ d 

n—'—r - '—i—'—r~ 
800 1000 1200 1400 

Fig. 2: /^ variations with burnup for the Pu-BP unit cells (a) with Rh, In, Ho and Hf as the BP and (b) with B, Eu 
and a mixtu 
comparison 
and a mixture of 40% B and 60% Ho. Results for the reference U02 and MOX LWR cells are shown for 

Cell 
Tvpe 

MOX 

Pu-Eu 
Pu-B-Ho 

Final/Initial 
Pu (total) 

0.697 

0.315 
0.320 

Final Pu-lsotopics [w%] 

238pu 

2.6 

5.6 
5.5 

2 3 9 P U 

39.7 

7.6 
7.3 

240p(j 

29.7 

32.8 
32.7 

241 pu 

17.9 

19.9 
19.7 

242pu 

10.2 

34.1 
34.7 

Table 3: Total-Pu and Pu-lsotopics after 1500 Days of Irradiation 

Cell 

Type 

MOX 

Pu-Eu 
Pu-B-Ho 

Total MAs/ 

Initial Pu 

0.055 

0.063 
0.067 

MA Composition [w%] 

237 N p 

6.0 

0.0 
0.0 

241M 

19.5 

6.7 
7.0 

2«Am 

40.2 

45.9 
46.5 

242Cm 

4.3 

4.3 
4.5 

244Cm 

25.6 

37.6 
36.9 

245Cm 

3.2 

3.9 
3.7 

Other 

1.2 

1.4 
1.6 

Table 4: Nuclide Densities for the Minor Actinides after 1500 Days of Irradiation 
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As regards the minor actinides, the absence of 
uranium accounts for there being no 237Np produced 
in the Pu-BP fuels. The fact that a much lower amount 
of 241Am is found to occur than in the MOX case 
(even though its production is mainly via 241Pu decay) 
is due to the thermal neutron flux in the Pu-BP cells 
becoming several times higher towards the end of the 
irradiation period. 241Am is then converted to 242Am 
much more effectively, and the latter, in turn - due to 
its large fission cross-section - to fission products. 
The higher thermal neutron flux also results in more 
captures in 242Pu, whereby the fraction of 244Cm pro
duced is larger than in the MOX case. Qualitatively 
speaking, the long term radiotoxicity of the discharged 
fuel due to all the higher actinides — including the Pu-
isotopes - would be several times lower in the Pu-BP 
fuels than for the MOX. 

3.3 Reactivity Coefficients 

An initial assessment of safety and controllability 
characteristics can be made by comparing reactivity 
coefficients and control absorber worths for the Pu-BP 
cells considered, relative to those for the reference 
U0 2 and MOX cases. The relation used for defining a 
reactivity coefficient of type x (Doppler or void) with 
respect to the variation of the corresponding parame
ter p for the cell is: 

_ k i ( p + A p ) - k i ( p ) 

k r A p 

with k, denoting either kxor keff, and with 

77 M P + A P H M P ) 

Table 5 gives values calculated for the Doppler and 
void coefficients at the beginning of life (BOL). The 
former has been considered in terms of the k.» change 
for an increase in fuel temperature from 600 °C to 
1OO0°C. For the void coefficient, moderator voidage 
ranges of 0 to 10% and 0 to 100% have been consid
ered separately. In the case of partial voidage (0 to 
10«%), it is adequate to consider the coefficient in 
terms of the change in k „ . For 0 to 100% void, how
ever, keff variations need to be considered since 
changes in migration area (M2) are quite different for 
the cells with and without uranium. This is indicated 
by the comparison of M2 values made in Table 6. A 
relative assessment of the void coefficient for 0 to 
100% voidage, without consideration of leakage 
effects, would clearly be too pessimistic for the Pu-BP 
cells, considering that the M2 changes are almost 
twice as large as for the U02 and MOX cases. A 
geometrical buckling of 3.1 nr2 - corresponding 
approximately to the dimensions of a 1000 MW(e) 
PWR core - was assumed for deducing the C^ i d (0 

to 100%) results of Table 5. 
It is seen, as mentioned earlier (Section 3.1), that 

the Pu-fuels with single BPs, which have reactivity 
coefficients of comparable magnitude to those for the 
reference U0 2 and MOX cells, correspond to the 
cases with relatively large reactivity losses with burn-
up. The B+Ho BP-mixture considered, on the other 
hand, appears to combine the favourable features of a 
flatter reactivity variation and acceptable reactivity 
coefficient values quite effectively. 

Cell 

uo2 
MOX 
B 
Rh 
In 
Eu 
Ho 
Hf 
B+Ho 

Cs 
Dop 

-2.4 
-3.1 
-1.0 
-1.3 
-1.4 
-1.2 
-2.5 
-2.1 
-1.7 

uvoid 

(0to10%) 

-15.2 
-18.5 

-3.9 
-6.5 
-8.6 
-7.1 

-20.0 
-15.6 
-12.2 

reff 
'-'void 

(0 to 100%) 

-77.1 
-43.3 

-1.6 
-12.3 

-0.8 
-1.6 

-21.6 
-3.1 

-13.4 

Table 5: Reactivity Coefficients for the Various Unit 
Cells at Zero Burnup (Units: 10'5/°C and 
l O ^ C void, respectively) 

Cell 
Type 

uo2 
MOX 

B 
Ho 

B+Ho 

(a) (b) 

1.375 0.644 
1.205 0.848 

1.134 1.486 
1.133 1.127 

1.176 1.339 

Crit.Buckl.[nr2] 
(a) (b) 

65.3 -6.76 
37.9 -2.70 

21.8 4.30 
22.5 1.41 

29.0 3.24 

M2 [cm2] 
(a) (b) 

57.5 525 
54.0 557 

61.5 1130 
58.9 906 

60.8 1048 

Table 6: M2 values at (a) 0% and (b) 100% Modera
tor Voidage for Several Unit Cells 

Fig. 3 indicates how the BOL values of the void 
coefficients change with burnup, the Pu-BP fuels 
being represented by the B+Ho case. Particularly for 
the 0 to 100% void coefficient, the change to more 
strongly negative values is much more pronounced for 
the Pu-BP cell than for the reference uranium-con
taining fuels. It should be mentioned that the variation 
of Doppler coefficients with burnup was relatively 
small for all cases. 

3.4 Control Absorber Worths 

The considerable reduction of control absorber worths 
(soluble boron and control rods), as the fraction of 
MOX assemblies is increased, is a major constraint in 
designing a PWR core with 100% MOX fuel [11]. This 
results from the larger absorption cross-sections of 
the Pu-isotopes, relative to uranium. A similar situa
tion would be expected for systems with Pu-BP fuels, 
but this has to be considered in conjunction with the 
corresponding control requirements. 
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Fig 3: Variation with burnup of void coefficient values for voidage ranges of (a) O to 10% and (b) 0 to 100% 

The reactivity swing due to burnup, as indicated 
earlier, could be significantly lower for a suitably 
chosen Pu-BP fuel than for the reference U0 2 case. 
Table 7 compares two other types of control require
ments, viz. that for equilibrium xenon and the cold-to-
hot full power (HFP) reactivity swing. Here too, the 
control needs for the Pu-BP cells are generally lower 
than for the reference fuels. Also shown in Table 7 are 
the corresponding results for (i) soluble boron worth 
and (ii) control-rod cluster worth (cf. Section 2.1). Both 
types of control absorber effects for the Pu-BP cases 
are seen to be very similar to those for MOX. 

The above considerations have been made for 
BOL and clearly need to be extended to account for 
representative average core conditions. That the 
control absorber worths for the Pu-BP fuels increase 
quite strongly with burnup is indicated in Fig. 4. This is 
again linked to the increase in thermal neutron flux 

with irradiation, particularly towards end-of-life with 
fuel cross-sections reduced considerably. Clearly, as 
in the case of reactivity coefficient assessment, real
istic whole-reactor calculations are needed to evaluate 
features related to controllability - both in terms of 
reactivity balance and power distributions. 

3.5 Effects of the Inert Matrix 

The various results presented for Pu-BP fuels have 
all, until now, had Al203 as the inert matrix (Section 
2.1). The tatter's influence on the physics characteris
tics has been currently investigated by calculating 
cases with certain possible alternatives, viz. BeO, 
11B4C and ZrC. The most significant effects observed 
were on the reactivity coefficients, particularly the 0 to 
100% void coefficient, as indicated in Table 8. 

Cell 
Type 

uo2 
MOX 

B 
Rh 
In 
Eu 
Ho 
Hf 

B+Ho 

Control Requirements 

Equilib. Xe 
(Afc.%) 

-3.1 
-1.6 

-0.9 
-1.1 
-1.2 
-1.0 
-1.4 
-1-3 

-1.2 

Cold-to-HFP 
(*.%) 

-5.7 
-7.8 

-0.7 
-2.9 
-4.1 
-1.8 
-7.9 
-6.6 

-4.6 

Control Absorber Worths 

Sol. Boron 
(A/cJ1000ppm,%) 

-7.2 
-2.9 

-2.2 
-2.3 
-2.4 
-2.4 
-2.6 
-2.6 

-2 5 

Control Rods 
(A/reff%) 

-32.6 
-20.8 

-18.0 
-18.4 
-18.6 
-18.2 
-20.0 
-19.6 

-19.3 

Table 7: Comparison of Typical Control Requirements and Control Absorber Worths 
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-5-

Inert 
Matrix 

AL2O3 
BeO 
11B4 

ZrC 

Density 
[g/cm3] 

3.0 
2.5 
2.0 
5.8 

^Doppler 

[10"5/oC] 

-1.7 
-2.0 
-1.7 
-1.6 

C^ d ( 0 to10%) 
[10-4/% void] 

-12.2 
-12.6 
-13.0 
-13.0 

C£*d(0to100%) 

[10-4/% void] 

-13.4 
-12.1 
-13.3 
-15.1 

Table 8: Comparison of Reactivity Coefficient Values for Pu-BP fuels with 
40% B - 60% Ho as BP and Alternative Materials as Inert Matrix 

— - U02 

- — MOX 

- * - Pu-BP, B+Ho 

-•4 

200 
—r~ 
400 

— I -

600 
I 

800 
—!— 

100O 

— 1 — • — r 
1200 1400 1200 1400 

Irradiation [ d ] Irradiation [ d ] 

Fig. 4: Variation with burnup of (a) soluble boron worth and (b) control-rod worth 

There are two individual effects which contribute 
to the influence of the inert matrix on C^ i d (0 to 

100%). The first is the moderating effect in the fully 
voided condition, which can shift the hard neutron 
spectrum to significantly lower energies-resulting in 
increased resonance capture in the BP and a lower k^ 
value. The second - often partly compensating -
effect is the influence on the migration area which 
determines the leakage characteristics. Fig. 5 and 
Table 9 illustrate the two individual effects. 

Again, realistic whole-reactor models clearly 
need to be considered for assessing the influence of 
the inert matrix on void reactivity. Which type of inert 
matrix is ultimately preferable will, of course, also be 
determined by various material properties, including 
irradiation behaviour. 

4 Conclusions 

The various results presented in this paper indicate 
that, from reactor physics considerations alone, it 
should be feasible to employ LWR plutonium fuels 
without uranium for achieving considerably more 

effective Pu-incineration than would be possible with 
MOX. 

A homogeneous mixture of Pu02 and a suitably 
chosen BP, or combination of BPs, could yield a rela
tively flat reactivity-vs.-burnup curve as LWR fuel and 
result in a total-Pu reduction of as much as 
- 1 .1 kg/GWd as compared to < 0.4 kg/GWd for a 
100% MOX core. In terms of fissile-Pu, the difference 
in possible reduction factors is much more striking. As 
regards the production of the minor actinides - Np, 
Am, Cm - this would be significantly lower, relative to 
the total-Pu reduction achieved. 

Qualitative consideration of controllability and 
safety-related characteristics for an LWR core fueled 
with possible Pu-BP mixtures has been made by 
comparing reactivity coefficients and control absorber 
worths with corresponding values for reference U02 

and MOX fuels. It has been found that individual BPs 
such as Rh and Ho, with which acceptable values for 
some of the reactivity coefficients could be obtained, 
are associated with relatively large reactivity losses 
with burnup. On the other hand, BPs such as B or Eu 
- while enabling long core-residence times - would 
not yield sufficiently negative Doppler and/or void 
coefficient values. Acceptable solutions may be 
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Fig. 5: Neutron spectra for Pu-BP fuels with 40% B - 60% Ho as BP and AI2O3 and BeO as inert matrix 

Cell 
Type 

Al203 

BeO 
11B4C 

ZrC 

(a) 

1.176 

1.188 

1.170 

1.168 

ko, 
(b) 

1.339 

1.182 

1.186 

1.271 

Crit Buckling [nrr2] 
(a) (b) 

29.0 3.24 

38.4 4.11 

31.2 3.25 

29.5 2.90 

M2[cm2] 
(a) (b) 

60.8 1048 

49.0 444 

54.4 573 

6.8 934 

Table 9: k^and M2 values at (a) 0% and (b) 100% Moderator Voidage for 
Pu-BP fuels with 40% B - 60% Ho as BP and Alternative Materials 
as Inert Matrix 

provided by using a combination of BPs, a 40% B -
60% Ho mixture having been suggested currently. 

The influence of the inert matrix employed for a 
given Pu-BP fuel Is, in general, small, but there could 
be significant effects on reactivity coefficients - on 
void coefficient characteristics for total voidage in 
particular. Thus, not only material properties, but also 
such physics effects could determine the ultimate 
choice of inert matrix. 

Control absorber worths and void coefficient val
ues for Pu-BP fuels have been found to vary con
siderably with burnup. Clearly, realistic whole-reactor 
calculations are needed to evaluate features related to 
controllability and safety in a more quantitative man
ner. 
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ABSTRACT 

A review of the ALPHA project is presented, including 
a summary of progress and current status. The pro
ject comprises the experimental and analytical inves
tigation of the long-term decay heat removal phenom
ena from the containment of the next generation of 
"passive" Advanced Light Water Reactors. The 
effects of aerosols that may result from hypothetical 
severe accidents are also considered. The construc
tion of the major ALPHA experimental facilities, 
PANDA, LINX-2 and AIDA, has been completed and 
ail facilities are now in their commissioning phases. 
Scaling studies have guided the design of the experi
mental facilities. Several small-scale experiments and 
studies have already produced valuable results which 
can be used to direct the experimental work, as well 
as the design of the passive ALWRs. 

1 Introduction 

In 1991, PSI initiated the major new project ALPHA 
[1 ] . The central goal of this project is the experimental 
and analytical investigation of the long-term decay 
heat removal from the containment of the next gen
eration of "passive" Advanced Light Water Reactors 
(ALWR). The dynamic containment response of such 
systems, as well as containment phenomena, are in
vestigated. Two such passive ALWR systems are 
presently being designed and engineered in the 
United States. The projects are led by the US 
Department of Energy (DOE) and the Electric Power 
Research Institute (EPRI). Both projects are for reac
tors in the 600 MWe range. The research and devel
opment (R&D) efforts will lead to the generic 
"certification" of the reactor designs by the US regula
tory authorities (the US Nuclear Regulatory Commis
sion, US NRC). These efforts are conducted with 
broad international cooperation and the participation 
of institutions from several American, European and 
Far-Eastern countries. 

The first passive ALWR concept is a Pressurized 
Water Reactor (PWR), the AP-60O, while the second 
is the Simplified Boiling Water Reactor (SBWR) 
shown in Fig. 1. Both make use of large passive sys
tems for the transfer of decay heat following an 
assumed depressurization of the primary system, 
from the containment building to either evaporating 

water pools, or to convectiveiy air-cooled structures. 
These systems should be able to remove the decay 
heat for at least three days without any intervention. 
Simple measures, such as the refilling of an open 
water pool, may be needed after this period. Similar 
passive systems are also under consideration in other 
countries including Germany, Italy and Japan. 

\ ETH Zurich 
' Laboratory for Safety and Accident Research 

Fig. 1: Schematic Representation of the SBWR 
showing the Various Containment Compo
nents 

In all passive ALWRs, the energy removal from 
the reactor containment involves the condensation of 
the steam produced by the evaporation of water in the 
core. This takes place in the presence of some of the 
non-condensable gases that initially constituted the 
containment atmosphere. It is the efficiency of this 
condensation process and the distribution of the 
gases in the various containment volumes that de
termine overall containment behavior. These are the 
main containment phenomena of interest for the 
ALPHA project. The project has been, so far, directed 
to the investigation of the SBWR Passive Contain
ment Cooling System (PCCS) and related phenom
ena. 
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The ALPHA Project at PSI is conducted in collabo
ration with a large, truly international R&D team' The 
project includes four major items: 

• PANDA is a large-scale, integral system test facil
ity, presently configured to simulate the contain
ment of the SBWR on a volumetric scale of 1:25 
and a height scale of 1:1. 

• LI NX is an experimental and analytical investiga
tion of condensation and buoyancy-driven mixing 
and stratification phenomena of importance to 
containment performance. LINX-2 ;s the major 
facility related to this part of the project 

• AIDA is a program set up to investigate aerosol 
transport and behavior in the SBWR Passive 
Containment Cooling System (PCCS) during core 
destructive accidents. 

• Analytical model development, code validation, 
system analyses, and the extension and applica
tion of three-dimensional Computational Fluid 
Dynamics (CFD) tools to large scale mixing prob
lems complement the experimental studies and 
complete this program. 

The purpose of this paper is to review progress to 
date and to outline certain recent achievements. 

Although the ALPHA results were initially 
expected to bring only "confirmatory" information for 
the generic "certification" of the SBWR, recent devel
opments have made the first series of experiments to 
be conducted in the PANDA facility the essential 
experimental element in the certification process. 
Thus, the results of the first series of PANDA experi
ments will be formally submitted to the US NRC as 
part of the SBWR Design Certification Process. As a 
consequence of the "formalization" of these tests, 
they are performed according to the US NRC Quality 
Assurance procedure NQA-1. 

The PANDA data will be used for the develop
ment and validation of models for computer codes 
such as TRACG [2], RELAP5 [3], etc. 

Other elements of the international program 
closely linked to ALPHA and the SBWR are: 

• Single-tube condensation experiments at the Uni
versity of California-Berkeley [4] and at MIT [5]. 

• The smaller scale (1/400) containment integral 
test facility GIRAFFE, located at Toshiba in Japan 
[6]. 

• The full-scale PCCS condenser qualification 
experiments (PANTHERS) performed by SIET in 
Italy [7]. 

The main PSI partners in this team have been so far EPRI, the 
General Electric Company and the University of California-
Berkeley in the US, KEMA and ECN in the Netherlands, Toshiba in 
Japan, the HE in Mexico, and ENEL, ENEA SIET and Ansaldo in 
Italy. 

In addition to the work which is focused directly 
on the PCCS for the SBWR, there is a great deal of 
other work already in progress at both small and large 
scale: for example, towards understanding the long-
term behavior of the SBWR Pressure Suppression 
Pool, including its possible thermal stratification, and 
potential heat-up and pressurisation of the Wetwell. 
Certain phenomena of generic interest to all passive 
containment concepts are also being investigated, 
and tests directly related to the development of alter
native concepts are also being conducted. 

2 State of the ALPHA Project at PSI 

The major project activities within the period 1991-94 
have concentrated on the design, scaling and con
struction of the three major experimental facilities, 
namely PANDA, LINX-2 and AIDA. The detailed con
ceptual design of all three was completed in 1992, 
together with ordering of the major components. Sig
nificant work has also been carried out on the devel
opment of the required instrumentation and data ac
quisition systems. Construction of all the facilities is 
now complete, and commissioning is underway or 
completed. Tests in all major facilities will start in 
1995. 

In addition, small-scale experiments and numer
ous analyses were conducted within the LI NX frame
work (LINX-1 and LINX-1.5) to better understand 
basic phenomena, and to provide preliminary experi
mental data for the development of computational 
models for thermal mixing in open pools: specifically, 
plume development, mixing and stratification [8,9,10]. 
To understand SBWR system behavior and to support 
both facility design and the definition of instrumenta
tion, extensive computer calculations have been per
formed using the TRACG, FLOW3D and ASTEC 
codes [11,12]. 

3 The PANDA facility 

The PANDA general experimental philosophy, facility 
design, scaling, and measurement concepts were de
fined in early 1991 [13]. On-site construction began in 
1993 with the delivery of the major PANDA compo
nents. The facility is now complete and fully instru
mented. The instrumentation includes numerous tem
perature sensors (including "floating thermocouples" 
capable of measuring the temperature of the surface 
of water pools), pressure as well as differential pres
sure and water level difference sensors, flow rate 
measurements (over wide ranges), non-condensable 
fraction sensors (oxygen probes), phase (liquid or 
gas) detectors, electric power measurement, and 
sensors detecting the positions of valves; a total of 
some 620 channels. The computer-based data 
acquisition system (DAS) is capable of sampling all 
channels continuously with a frequency of 0.5 Hz. For 
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short periods of time, sampling with a "burst" fre
quency of 5 Hz is also available. The DAS displays 
the data in a variety of "screens" representing 
schematics of various parts of the facility [14]. The 
time histories (trends) of selected channels can be 
displayed at will. The facility is operated and con
trolled remotely and interactively by a computer-
screen-based system. 

The very first series of PANDA experiments will 
be steady-state tests of PCCS condenser perform
ance. These will be counterpart tests to similar tests 
conducted at the PANTHERS facility in Italy [7]. 
Extensive facility characterization tests will follow: the 
heat losses from the facility, as well as the actual 
pressure-drop-flowrate characteristics of the various 
lines will be obtained. These are needed for the accu
rate description of the facility by computer codes. The 
actual transient system behavior tests will follow. 

In relation to the S3WR certification effort, the 
PANDA facility was primarily designed to examine 
system response during the long-term containment 
cooling period. The overall objectives of the transient 
PANDA tests are to demonstrate that: 

(1 ) The containment long-term cooling performance 
is similar in a larger scale system to that previ
ously demonstrated with the GIRAFFE tests. 

(2) Any non-uniform spatial distributions in the Dry-
well or Wetwell do not create significant adverse 
effects on the performance of the PCCS. 

(3) There are no adverse effects associated with 
multi-unit PCCS operation and interactions with 
other reactor systems. 

(4) The tests will also extend the database avail
able for computer code qualification. 

The initial test series at PANDA will include two 
Main Steam Line Break (MSLB) tests. One test will be 
similar to a GIRAFFE MSLB test with uniform Drywell 
conditions, while a second is planned in a manner 
maximizing the influence of Drywell asymmetries on 
the operation of the PCCS condensers. Uniform and 
asymmetric Drywell conditions can be created in 
PANDA via the capability to vary the fraction of steam 
flow which is injected into each of the interconnected 
Drywell vessels, Fig. 2. The steam condensing 
capacity directly connected to jach vessel (i.e., the 
number of condenser units) can also be varied. Such 
tests and several systematic variations of the experi
mental conditions will help identify any scale and 
multi-dimensionality effects that may not have been 
present in the smaller scale facilities. The test matrix 
for further tests is dictated by the needs of certification 
and code assessment and is still evolving. Steam 
and/or non-condensables can be injected at various 
locations in the Drywell vessels to study mixing phe
nomena and to provide envelope information for the 
corresponding SBWR conditions. 

Fig. 2: Isometric View of the PANDA Test Facility 

3.1 Scaling Considerations 

A rigorous scaling study [15] covering all the SBWR 
related tests describes the scaling rationale and de
tails of the PANDA facility. Other documents cover 
particular aspects of scaling [10,16,17,18]. 

The SBWR containment is particularly complex 
and thermal-hydraulically coupled to the primary sys
tem. In addition to the complexity of the usual BWR 
pressure suppression system and its various compo
nents, such as the main vents, one must now also 
consider the operation of the particular PCCS system 
and its components. Both "top-down" and "bottom-up" 
scaling considerations [19] and criteria were devel
oped. 

According to the "top-down" approach, general 
scaling criteria are derived by considering the proc
esses controlling the state of classes of containment 
sub-systems (e.g., containment volumes, pipes, etc.). 
Close examination of the specific phenomena govern
ing the operation of certain system components (e.g., 
vents immersed in the Pressure Suppression Pool of 
the SBWR) leads to "bottom-up" scaling rules. 
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3.1.1 Top-Down Scaling 

Generic scaling criteria for thermal-hydraulic facilities, 
such as those proposed by ISHII AND KATAOKA [20], are 
not specific to the combined thermodynamic and 
thermal-hydraulic phenomena taking place inside 
containments. Thus, specific scaling criteria for the 
design of facilities simulating the dynamic operation of 
BWR containments such as PANDA were derived 
[15]. For example, mass and energy transfers take 
place between containment volumes through their 
junctions. Heat may also be exchanged between vol
umes by conduction through the structures connecting 
them. These exchanges lead to changes in the ther
modynamic condition of the various volumes; this, in 
particular, leads to changes of the volume pressures. 
The junction flows (flows between volumes) are driven 
by the pressure differences between volumes. Thus, 
the thermodynamic behavior of the system 
(essentially, its pressure history) is linked to its ther
mal-hydraulic behavior (the flows of mass and energy 
between volumes). 

The "top-down", generic scaling criteria were 
derived by considering generic processes, including: 

(1) The effects of the addition of heat and mass to 
a gas or liquid volume (namely, the resulting 
rates of change of the pressure). 

(2) The rates of phase change at interfaces such as 
pool surfaces. 

(3) Flows of mass between volumes. 

Prototypical fluids, i.e. those pertaining to the 
actual reactor system, under prototypical thermo
dynamic conditions, are used in PANDA. The fact that 
the fluids are expected to be in similar thermodynamic 
states, and have similar composition in the prototype 
and the model, can be used to simplify the analysis 
and scaling of the facility. The first two processes 
listed above (1 and 2) confirm the validity of the 
(familiar) scaling of all the following variables with the 
"system scale", R: 

(power)R = (volume),, = (horizontal area in volume)R= 
(mass flow rate)R = R 

where the subscript R denotes the ratio between the 
corresponding scales of prototype and model. Al
though other choices are also possible, the system 
scale R can be defined as the ratio of prototype to test 
facility power input. For PANDA, R = 25. A time scale 
of 1:1 between prototype and model has been 
adopted for the presently planned PANDA tests; how
ever, this is not a necessity. Under certain conditions, 
the choice of a scale for the volumes different from 
the system scale R will lead to accelerated (or decel
erated) tests in time. 

Process (3) leads to the determination of the 
pressure drops and of the hydraulic characteristics of 
the junctions between volumes. In the BWRs, certain 
pressure drops and the corresponding junction flows 

are controlled by the submergence depth of vents in 
the Pressure Suppression Pool. The analyses of 
these processes justify the choice of 1:1 scaling for 
the vertical heights in general and for the submer
gence depths in particular [15]. 

The pressure evolution resulting from the ther
modynamics of the system and the pressure drops 
between volumes must clearly scale in an identical 
fashion. Considering the fact that prototypical fluids 
are used, this requirement links the properties of the 
fluid (in particular the latent heat and the specific vol
umes of water and steam) to the pressure differences 
between volumes (and to the submergence depths of 
vents), resulting in 1:1 scaling for pressure drops. 
Thus, the above considerations result in: 

1:1 scaling for pressure differences, elevations and 
submergences 

This scaling rule determines the pipe diameters, 
lengths and hydraulic resistances, and the transit 
times between volumes. These transit times should, in 
principle, have the same (1:1) time scale as the inher
ent time constants of the system considered in the 
analysis of process (1 ). This matching cannot be per
fect, but is shown not to be important [15]. 

The criteria derived are combined to arrive at 
general scaling laws for the PANDA model of the 
prototype SBWR. Six non-dimensional numbers, three 
time scales and certain geometric ratios must be 
matched. 

The three time scales produced by the analysis 
are the scales for the rates of volume fill, of inertial 
effects, and of pipe transfers. Clearly, the systems 
considered here are made of large volumes con
nected by piping of much lesser volumetric capacity. 
The pressure drops between these volumes are not 
expected to be dominated by inertial effects. Thus, 
the inertia and transit times, which are of the same 
order of magnitude, are much smaller than the volume 
fill times. Consequently, the important time scale that 
must be considered in scaling is the volume fill time 
scale. The other two time scales are clearly of lesser 
importance. In relation to this conclusion, the lengths 
of piping connecting containment volumes and the 
velocities in these pipes do not have to be scaled 
exactly. Usually (and fortunately), the total pressure 
drops in the piping are dominated by local losses, so 
that the total pressure drops in the scaled facilities 
end up being somewhat smaller. They can therefore 
be matched by introducing additional losses by local 
orif icing. 

3.1.2 Scaling of Specific Phenomena - Bottom-
Up Approach 

Bottom-up scaling for phenomena that were selected 
as being of particular importance by a Phenomena 
Identification and Ranking Table (PIRT) exercise were 
examined in detail to arrive at their proper simulation 
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in the PANDA facility [15]. Several documents cover 
in detail such particular aspects of scaling [10,16,17, 
18, 21], as already noted. 

The scaling of thermal plumes, mixing and strati
fication phenomena in the pool, as well as in the Dry-
wel! volume, heat and mass transfers at liquid-gas 
interfaces, the heat capacity of containment struc
tures, and heat losses were examined in detail in [15]. 
Of particular importance is the scaling of the various 
vents, discharging mixtures of steam and non-con
densable gases into the Pressure Suppression Pool. 
This is important in relation to the possibility of steam 
"bypassing" this pool and entering directly into the 
Wetwell gas space. Heat and mass transfer in the 
PCCS condensers must also be properly scaled, 
considering both condensation inside the tubes and 
heat transfer on the secondary pool side [21]. The 
latter may be affected by any induced natural circula
tion. 

4 The LINX Program 

The LINX Program (Large-Scale investigation of 
Natural Circulation, Condensation and Mixing) aims at 
a better understanding of the most important physical 
processes taking place in passive ALWR contain
ments. Small-scale experiments (LINX-1 and LINX-
1.5) addressing certain issues encountered in the 
SBWR have already been conducted [8,9,10]. The 
main effort in this program includes medium-scale, 
highly instrumented experiments in the LINX-2 facility 
which are described below. These will look at natural 
circulation, mixing and condensation phenomena in 
pressure suppression pools and containment volumes 
in the presence of non-condensable gases. This work 
will also support the application of Computational 
Fluid Dynamics (CFD) tools for single- and multi
phase flow to mixing and natural circulation problems. 

4.1 The LINX-2 Facility 

The LINX-2 facility has been designed to study con
densation and mixing phenomena encountered in 
passive ALWRs, such as direct-contact and surface 
condensation in the presence of non-condensables 
and pool thermal mixing induced by single and two-
phase plumes. The experiments are to be conducted 
at a fairly large scale and under prototypical pressure 
and temperature conditions. Some issues relevant to 
the SBWR and to a European version of the AP-600 
are being addressed in the present phase of this pro
gram. 

The facility, Fig. 3, consists of a pressure vessel 
(rated at 10 bar and 250°C), steam and nitrogen (or 
air) supply lines, and a water conditioning loop. The 
vessel is very carefully insulated (35 cm insulation 
thickness) to minimize heat losses and allow the per
formance of accurate heat balances. Heat losses are 
monitored using thermocouples on the vessel wall and 

penetrations, and within the insulation itself. The ves
sel pressure is regulated. Constant (regulated) steam 
and nitrogen flow rates can be injected from either the 
bottom or the top of the vessel. The steam and nitro
gen flow-rate ranges can be adjusted from 10 to 120 
kg/h (± 1.3% of the Measured Value) and 0.1 to 75 
kg/h (± 3% MV), respectively. The gas injection tem
perature (up to 180°C) is also regulated. The water 
conditioning loop is a multi-purpose heating and cool
ing system. Outside the vessel, either heating or 
cooling power is provided by steam or cold water, re
spectively. Inside the vessel, water can be circulated 
at constant (regulated) flow rate in a closed loop, and 
can be brought to the required temperature. This flow 
rate may be set between 0 and 10 m3/h (± 40 l/h) and 
the water temperature between 15 and 180°C (± 1°C). 
The maximal heating and cooling powers are about 
140 and 120 kW, respectively. 

ttS Pressure regulation vent 

V=9.42m3 

-v" 
«w. / 
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r Windows for 
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Heating and 
Cooling Exchangers 

Fig. 3: Schematic of the LINX-2 Facility 

In the SBWR, following primary system depres-
surization, a steam/air mixture flows into the Pressure 
Suppression Pool. The efficiency of the condensation 
and mixing processes there affects the Wetwell, and 
consequently the whole containment pressure level. 
The LINX-2 facility will be used to study PCCS venting 
in the Pressure Suppression Pools and the three-
dimensional velocity and temperature fields created in 
the pool by the two-phase flow plume emerging from 
the vent. The experiments will give a better under
standing of the physical phenomena and allow the 
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development of ad-hoc models. Three-dimensional, 
multi-phase, multi-component CFD models, as well as 
simpler models intended for the system codes, will be 
proposed and assessed against the results and/or 
further developed. 

The three-dimensional temperature field within 
the vessel may be investigated, without significant 
disturbance, using up to 273 thermocouples attached 
to 1 mm wires by miniature pinch-screw clips. A num
ber of wires are mounted on a swinging arm, which 
allows radial scanning of the temperature field during 
an experiment. Six high-precision sensors are also 
available inside the vessel. Impeller-type anemome
ters will be used for velocity measurements, and 
double optical probes for two-phase flow investiga
tions. A customized data acquisition system, together 
with a PC-based, multi-tasking software package, will 
provide the data acquisition needs. 

A cooperation agreement was concluded in 1994 
between ENEL (the Italian national electric utility) and 
PSI on ALWR thermal-hydraulics; a first common 
project has been defined and is underway. This con
cerns a PCCS proposed as a European alternative to 
the Westinghouse AP-600 passive containment cool
ing design. The purpose is to substitute a double con
crete containment for the original AP-600 metallic en
velope. Due to the high thermal resistance of con
crete, the proposed PCCS needs a steam condensing 
heat exchanger placed inside the containment and an 
intermediate loop extracting the heat from the con
tainment and taking it to an external atmospheric heat 
exchanger. The intermediate loop is a water-steam 
thermosiphon. The internal heat exchanger is a com
pact, finned tube bundle; non-condensable gases and 
steam circulate by natural draft. The external heat 
exchange takes place in a hybrid cooling tower, com
bining a water pool with a natural draft cooling tower. 

Internal heat exchanger and intermediate loop 
mock-ups of this system will be tested in the LINX-2 
facility. The use of finned tubes in a condensing heat 
exchanger allows the device size to be reduced. 
Accumulation of non-condensable gases and conden
sate in the spaces between fins could, however, take 
place, thus degrading heat transfer. Predictive compu
tational models of this system are being developed 
and the experimental results will be used to assess 
and improve them. 

For the passive PWR-related tests, in addition to 
the components depicted in Fig. 3, the facility is 
equipped with a closed gas (steam/air) recirculating 
loop. The recirculated gas flow rate (up to 0.5 kg/s) 
and its humidity are measured. 

5 The AIDA Program 
The AIDA program examines the behavior of the 
PCCS system when aerosols are present in the con
tainment, following a hypothetical severe accident. 
Under such conditions, aerosols present in the Dry-
well will be entrained into the PCCS condensers. This 

may degrade condenser performance. The condens
ers may, however, also act as scrubbers and help 
reduce the aerosol concentration in the Drywell. 

The possible formation of an aerosol layer at the 
condenser tube entrance (reduction of tube-inlet free 
flow area) and inside the tubes (reduction of the tube 
cross-section) may cause a new flow distribution 
among the tubes; it will also affect their heat transfer 
performance. Flow redistribution among the tubes 
may change the heat removal characteristics of the 
entire PCCS system; such changes may appear as a 
result of a reduction in the number of tubes that are 
properly active, leading to a situation in which some 
tubes continuously receive more steam than they can 
condense. Thus, it is clear that, under hypothetical 
severe accident conditions, the long-term pressure 
history of the SBWR containment depends on the be
havior of the PCCS units in the presence of aerosols. 
Consequently, the goals of the AIDA program are to: 

(a) Experimentally determine the degree of PCC 
condensation degradation in the presence of 
aerosols. 

(b) Investigate aerosol behavior in the upper header 
of the condenser units. 

(c) Investigate aerosol behavior under strong con
densation in condenser tubes. 

(d) Investigate the aerosol retention capability of 
the condenser units. 

(e) Provide the basis for the development of a 
physical model for aerosol behavior in the con
densers and its effects on the thermal-hydrau
lics within the PCC units. 

5.1 The AIDA Facility 

A versatile, multiple-purpose aerosol testing facility 
was constructed at PSI [22] and is also being used for 
the AIDA tests. Two plasma torches, two reaction 
chambers, a mixing tank, and steam and non-con
densable supply systems are the main components of 
the facility. The system is computer controlled and 
can produce aerosol particles at a desired steady 
mass flow rate and concentration. The particles are 
entrained by a carrier gas, composed of steam and 
non-condensable gas at a desired composition. The 
plasma torches used for aerosol generation produce 
aerosol mixtures of up to three components (Csl, 
CsOH and MnO or Sn02) with a maximum concentra
tion of 20 g/m3. Experiments can be performed with 
the following boundary conditions: 

• steam fraction ranging from 0 to 95%, 
• steam flow rate up to 250 kg/hr, 
• non-condensable gas flow rate up to 280 kg/hr, 
• system pressure up to 5 bar. 

For the AIDA experiments, a slice of the SBWR 
PCCS condenser unit containing eight full-height 
tubes and connected to full-diameter lower and upper 

40 



headers, was constructed. Both glass and steel tubes 
can be tested. The glass tubes are intended mainly 
for visualization of the phenomena. The tubes are 
heavily instrumented with thermocouples to measure 
the gas and wall temperatures, and estimate the heat 
flux across the tube wall. The secondary coolant 
channel surrounding the tubes is made of glass to 
facilitate visualization of the aerosol deposition and 
transport phenomena within the glass tubes, Fig. 4. 
The secondary cooling water, flowing upward at a de
sired small velocity and at a predefined temperature 
(up to 80°C), can properly simulate the heat transfer 
conditions expected in the prototype. 

Particle growth 
due to 

steam condensation, 
hygroscopicity 

Steam •*• 
Gas* 
Particles 

Cooling water 

^ Condensate 
(Water) 

Fig. 4: The AIDA PCCS Mockup 

The condensed water is collected in a Conden
sate Tank simulating the Gravity-Driven Cooling Sys
tem (GDCS) pool, Fig. 5. The non-condensable gas 
and uncondensed steam flow into a Scrubber Tank 
that condenses the steam and scrubs the aerosol 
particles carried out of the condenser unit The con
densate that is produced in the Scrubbing Tank is 
collected in a second Collection Tank. The Scrubbing 
and Collection Tanks simulate the behavior of the 
Wetwell. The pressures in the Condensate and Col
lection Tanks are regulated to obtain the pressures 
expected in the Drywell and Wetwell. 

The facility is instrumented with several devices 
to provide information on: a) energy transfer and 
steam mass balance related to steam condensation in 
the condenser, as well as in other parts of the experi
ment, and b) aerosol mass balances. The instruments 
provide on-line data that is displayed via a special 
data acquisition system on a computer screen to con
tinuously monitor the system response. The aerosol 
instrumentation comprises: a) off-line devices like fil
ters, impactors and deposition coupons, and b) on-line 
devices like photometers and ion detectors. 

Steam + Gas 
from Containment 

"Drywell" 
Aerosol Generation Facility 

Condenser 
"PCC" 

-jfSryzr.üV.: 

Suppression Pool Collection "GDCS-Pool" 
"Wetwell" Tank Condensate Tank 

Scrubber Tank 

Fig. 5: The AIDA Facility Schematic 

5.2 Aerosol Particle Trajectories 

Certain knowledge about the behavior of the aerosols 
in parts of the PCCS system can be obtained by CFD 
calculations. Such information can later be integrated 
in aerosol behavior models, including their deposition 
and re-entrainment behavior. As a first step in this 
direction, aerosol tracking calculations with the 
ASTEC and FLOW3D codes were performed to 
examine aerosol behavior in the upper header of the 
AIDA condenser [12]. 

An aerosol-tracking model has been specially 
written for this application and interfaced with the 
ASTEC and FLOW3D codes. The calculations were 
conducted for the expected typical aerosol and flow 
conditions; they considered the deposition of the 
aerosols on a deflector plate placed below the steam-
inlet tube in the upper header of the condenser unit, 
Fig. 6. The purpose of this deflector plate is to dis
tribute the flow to the condenser tubes as well as 
possible; both the SBWR prototype condenser and 
the AIDA mockup have such plates installed. 
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Fig. 6: Calculated Paths of Aerosol Particles in the 
Upper Header of the AIDA Condenser 
Top: most of the aerosols entering the header 
impact the deflector plate. 
Bottom: aerosols are allowed to "spill over" 
from deflector plate 

The first calculations conducted assumed, in a sim
plistic manner, that all particles reaching a surface will 
be deposited and remain on the surface. With such a 
deposition "model", the results show that 98% of the 
aerosols which enter the drum with the inlet steam jet 
are deposited on the deflector plate. The remainder 
circulate in the upper part of the drum and finally de
posit on its inner surface. To go a step further in the 
simulation and consider re-entrainment of the aero
sols from the impact plate, calculations were per
formed assuming that particles could "spill-over" from 

the edges of the impact plate; this constitutes a very 
crude re-entrainment model. It was found that any 
particles that are subsequently dislodged from the 
plate have a 15% probability of entering one of the 
condenser tubes. The rest are deposited, more or less 
uniformly, in the upper drum. Clearly, the first steps 
taken in this direction must be supplemented and 
completed with more realistic aerosol deposition and 
re-entrainment models. The possibility of re-entrain
ment of aerosol agglomerations will also have to be 
addressed. 

6 PANDA Pre-Test Calculations 

As part of the SBWR certification process, calcula
tions to predict the outcomes of the experiments that 
will be conducted later in the PANDA facility are being 
performed and formally submitted to the US NRC. 
These "blind" pre-test calculations are done in col
laboration with other SBWR international partners us
ing the official SBWR safety analysis tool (the TRACG 
code). The pre-test calculations will be used as part of 
the validation data base for the application of TRACG 
to the SBWR. Following the experiments, post-test 
calculations will be performed, as needed, to resolve 
any outstanding issues. 

Pre-test calculations for the steady-state PANDA 
PCCS condenser tests have been completed and 
submitted already. During 1994, the TRACG input 
model of PANDA was updated in a formal manner to 
satisfy the Quality Assurance (QA) requirements 
needed for such formal submissions. This included an 
independent design review of the model, an inde
pendent verification of all the numbers used against 
the facility data base (the as-built drawings), formal 
exchanges of comments and replies, and formal 
documentation of the entire procedure. 

Two fully verified models were produced: The 
first is a partial model of the PCCS system used to 
predict the steady-state PANDA condenser perform
ance tests; the second is a model of the entire 
PANDA facility, with initial and boundary conditions 
applicable to the first two PANDA system tests. The 
initial and boundary conditions of these tests (M1 and 
M2) were defined by reference to a counterpart test in 
the GIRAFFE test facility. Test M1 will have equal 
steam flows into the two PANDA Drywells while M2 
will have steam flow injected only into Drywell 2, i.e., 
the Drywell connected to two PCCS units. The third 
PCCS condenser is connected to Drywell 1. The 
resultant Dryweli pressure of the TRACG prediction 
for test M1 is shown in Fig. 7, together with the 
GIRAFFE counterpart test result. 

The initial and boundary conditions for PANDA 
tests M1 and M2 were based on a previously com
pleted GIRAFFE test. This produced certain difficul
ties in matching the conditions in the two experimental 
facilities, which have some different characteristics; 
for example, different relative GDCS to Core eleva-
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tions, different heat losses, etc. The resultant TRACG 
calculations showed that the calculated PANDA Ml 
and M2 transients were significantly more severe than 
had been anticipated. For example, significant Main 
Vent clearing was predicted, particularly for the 
asymmetric test M2. Therefore, on the basis of these 
TRACG calculations and in view of future additional 
GIRAFFE tests, PANDA tests M1 and M2 were rede
fined, the initial PANDA test becoming now test M3. 
The initial and boundary conditions for PANDA test 
M3 are to be based upon TRACG calculations of the 
state of the SBWR containment one hour after reactor 
scram, while a new counterpart GIRAFFE test will be 
performed using the same initial boundary conditions. 
These developments confirmed the value of perform
ing pre-test analyses and the benefits that result for 
both the experimental program and the certification 
process. 

The partners of this international collaboration 
have so far included PSI, which had the technical lead 
and produced the TRACG PANDA model and tran
sient calculations, the HE in Mexico, which provided 
model verification; KEMA in the Netherlands, which 
performed the condenser performance calculations, 
and the General Electric Company (GE) that provided 
overall coordination and the "Design Record File". 

• PANDA 

- - - OIRAFFE 

O.O O.30E4 1.00E« 1.S0E4 2.00E* 2.S0E4 3.00E4 

TIME (5) 

Fig. 7: Comparison of Calculated Drywell Pressures 
for PANDA and GIRAFFE Counterpart Tests 

7 Other Achievements 

In addition to the main project activities outlined 
above, several scientific achievements that helped 
better understanding of system behavior and con
tainment phenomena also took place. These include: 

ALPHA staff members have made significant 
contributions to the understanding of the modes of 
passive operation of the SBWR. Contributions in
clude, for example, detailed modeling of the conden
sation of steam in the presence of non-condensables 
in the PCCS units used to remove the decay heat 
from the containment [21]. 

An example of sophisticated but small-scale 
experiments and analytical modelling are the study of 
plumes in small-scale water pools (LINX-1 ) [8,9] and 

of two-phase flows of mixtures of air and steam bub
bles in water (LINX-1.5) [10]. 

Development and testing of instrumentation has 
also taken place, triggered by the needs of the 
PANDA and LI NX experiments (e.g., floating thermo
couples for water surface temperature measurement, 
testing of non-condensable fraction sensors J23], 
etc.). 

8 Conclusions 

In several countries, there is a general move towards 
the introduction of more passive systems for emer
gency core cooling and containment decay heat re
moval in future reactors. In the US, this trend has 
materialized with the certification effort related to the 
AP-600 and the SBWR. In Europe, certain recent 
concepts for new BWRs and PWRs also include long-
term passive decay heat removal systems. In Japan, 
Canada, and other countries there is interest in adding 
such passive systems to either existing reactor de
signs cr to new ones. The ALPHA project is situated 
in this international framework. Its long-term objec
tives are to contribute at the forefront of this research 
area worldwide, but in Europe in particular. 

As stated, future reactor systems are likely to in
clude some form of passive containment cooling 
systems. Although the designs of such systems may 
vary from one reactor concept to another, there is a 
need to provide basic scientific understanding of their 
performance under fairly large-scale prototypical 
conditions. The PANDA and LINX-2 facilities provide 
the ideal environment for long-term international col
laboration in this area. For example, the LINX-2 facil
ity will be used in the near future to test, in collabora
tion with the Italian ENEL, the design of an advanced 
PWR containment building condenser. 

Although the present PANDA experiments consti
tuted initially "confirmatory" research, the data that 
they will deliver has now become an essential part of 
the "certification" process for the SBWR. 
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ABSTRACT 

An internationally agreed Separate Effects Test (SET) 
validation matrix for thermal-hydraulic system codes 
has been established by a sub-group of the Task 
Group on Thermal Hydraulic System Behaviour as 
requested by the OECD/NEA Committee on Safety of 
Nuclear Installations (CSNI) Principal Working Group 
No. 2 on Coolant System Behaviour. The construction 
of such a matrix is an attempt to collect together, in a 
systematic way, the best sets of openly available test 
data for code validation, assessment and improve
ment and also for quantitative code assessment with 
respect to quantification of uncertainties to the model
ling of individual phenomena by the codes. 

In this paper, the methodology that has been de
veloped during the process of establishing a SET vali
dation matrix is discussed in detail, together with a 
general overview of the resulting SET matrix. Some 
specific examples from the SET matrix will also be 
provided. The conclusions which are obtained by 
applying the methodology to the establishment of SET 
validation Matrix will also be summarised. 

The present paper is the first of a series of three 
papers. The other two papers address the thermal 
hydraulic phenomena in the CSNI-SET validation 
matrix and the evaluation of the SET matrix data base. 

1 Introduction 

The construction of a Separate Effects Test (SET) 
validation matrix [1] is an attempt to collect together 
the best sets of openly available test data for code 
validation, assessment and improvement, from the 
wide range of experiments that have been carried out 
world-wide in the field of thermal-hydraulics. The 
objective of this paper is to provide an overview of the 
methodology developed and a brief summary of its 
application to the SET validation matrix [1a, 1b]. More 
detailed descriptions of specific features of the SET 
validation matrix are presented in companion papers 
[2,3]. 

The next section gives details of the background 
and the objectives of the CSNI-SET validation matrix. 
Further sections deal with the details of the methodol
ogy developed including an overview of the SET vali
dation matrix and finaly some conclusions are drawn, 
on the basis of this work. 

2 Background and Objectives of the 
CSNI-Set Validation Matrix 

As a result of intense activity over the last 20 years, 
several large thermal-hydraulics codes now exist for 
simulating the behaviour of LWRs during transients 
and loss of coolant accidents (LOCAs), and these are 
supported by a wealth of experimental data. The state 
of the art in the modelling of LOCA and non-LOCA 
transients was recently reviewed in a CSNI State of 
the Art Report (SOAR) 'Thermal-Hydraulics of Emer
gency Core Cooling in Light Water Reactors" [4], also 
produced by the CSNI Task Group on Thermal 
Hydraulic System Behaviour. In order to assist the 
task of assessing and validating thermal-hydraulics 
codes, the OECD-CSNI Task Group on the Thermal-
Hydraulics of ECCS and LOCA (the predecessor of 
the Task Group on Thermal Hydraulic System Behav
iour) undertook to review the available test data and, 
compile a validation matrix. The Task Group set up a 
specialist Writing Group to carry out this work. 

In March 1987, the OECD/NEA Committee on 
the Safety of Nuclear Installations (CSNI) published a 
document that identified a set of tests which were 
considered to provide the best basis for the assess
ment of the performance of thermal-hydraulics codes, 
"CSNI Code Validation Matrix of Thermal-hydraulic 
Codes for LWR LOCA and Transients", [5, 6, 7]. The 
set of tests was chosen to include examples of all 
phenomena expected to occur in plant transients and 
LOCA analyses. Tests were selected on the basis of 
the quality of the data, variety of scaling and geome
try, and appropriateness of the range of conditions 
covered. A decision was made to bias the validation 
matrix towards integral tests in order that code models 
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were exercised, and interacted, in situations as similar 
as possible to those of interest in LWR plant. This 
decision was taken on the assumption that sufficient 
comparison with separate effects tests data would be 
performed, and documented, by code development, 
that only very limited further assessment against 
separate effects test data would be necessary. This 
last expectation has proved unrealistic; it is now rec
ognised that continued comparison of calculations with 
separate effects test data is necessary to underwrite 
particular applications of codes, especially where a 
quantitative assessment of prediction accuracy is 
required, as well as for code model improvement. 

It has been decided to develop a distinct Sepa
rate Effects Test Matrix rather than extend the original 
CSNI Code Validation Matrix (CCVM), which con
sisted almost entirely of integral tests. Only in some 
specific cases, where integral test facility data were 
not available, were SETs used in the CCVM. The 
development of the SET matrix was found to require 
an extension of the methodology employed for the 
CCVM both in the scope and definition of the thermal 
hydraulic phenomena and in the categorisation and 
description of facilities. 

There are several reasons for the increased 
importance now placed on the comparison of codes 
with SET data. Firstly, it has been recognised that the 
development of individual code models often requires 
some iteration, and that a model, however well con
ceived, may need refinement as the range of applica
tions is widened. To establish a firm need for the 
modification or further development of a model it is 
usually necessary to compare predictions with sepa
rate effects data rather than rely on inferences from 
integral test comparisons. 

Secondly, there is the question of uncertainties in 
predictions of plant behaviour. A key issue concerning 
the application of best estimate codes to LOCA and 
transient calculations is quantitative code assessment. 
Quantitative code assessment is intended to allow 
predictions of nuclear power plant behaviour to be 
made with a well defined uncertainty. Most schemes 
for achieving this quantification of uncertainty rely on 
assigning uncertainties to the modelling by the code of 
individual phenomena, for instance by the determina
tion of reasonable ranges which key model parame
ters can cover and still produce results consistent with 
data. This interest has placed a new emphasis on 
SETs over and above that originally envisaged for 
model development. 

In the thermal-hydraulic codes, the physical proc
esses are simulated by mechanistic models and by 
correlations. The prediction of particular phenomena, 
such as level swell or counter-current flow limitation, 
by a code are usually dominated by one, or perhaps a 
few, code models. Comparison of code predictions of 
basic phenomena, with events observed in the rela
tively simple situations contrived in SET facilities, 
often allows a better assessment of the accuracy of 
code models than it is possible to make with data from 

integral tests. This may be, for instance, because 
steady state rather than transient observations are 
possible in the SETs; or because in a SET facility 
dedicated to the study of one particular phenomenon, 
the measurement instrumentation can be chosen 
more appropriately, with less need to compromise. 
The more highly controlled environment of the SET is 
likely to lead to a more systematic evaluation of the 
accuracy of a model across a wide range of condi
tions. 

A further incentive to conduct SETs, in addition to 
those carried out in integral facilities, is the difficulty 
encountered in scaling predictions of phenomena from 
integral test facilities (which of necessity are in some 
sense small scale) to plant applications. Where a phe
nomenon is known to be highly scale dependent and 
difficult to model mechanistically, there is a strong 
case for conducting SETs at full scale. In general, it is 
desirable to have a considerable overlap of data from 
different facilities; successfully predicting data from 
different facilities provides some confirmation that a 
phenomenon is well understood. The main objective in 
producing the SET cross-reference matrix is to identify 
the best available sets of data for the assessment, 
validation and, finally, the improvement of code pre
dictions of the individual physical phenomena. While 
both integral test data and SET data are appropriate 
for code validation and assessment, for model devel
opment and improvement there should be a strong 
preference for SET data. 

3 The Methodology Developed 

In the process of establishing the SET validation 
matrix, a methodology has been developed. This 
methodology helps to collect and present the data and 
information collected in a comprehensive and sys
tematic manner. It is a general methodology and 
therefore, in principal, also applicable to the other type 
of validation matrices (e.g. on severe accidents). The 
methodology can be summarised as follows: 

1. Identification of phenomena relevant to two-phase 
flow in relation to LOCAs and thermal-hydraulic 
transients in light water reactors (LWRs). 

2. Characterisation of phenomena, in terms of a short 
description of each phenomenon, its relevance to 
nuclear reactor safety, information on measure
ment ability, instrumentation and data base. In 
addition to these points, the present state of 
knowledge and the predictive capability of the 
codes is included in the characterisation of each 
phenomenon. 

3. Setting up a catalogue of information sheets on the 
experimental facilities, as a basis for the selection 
of the facilities and specific tests. 

4. Forming a SET facility cross-reference matrix by 
the classification of the facilities in terms of the 
phenomena they address. 
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5. Identification of the relevant experimental parame
ter ranges in relation to each facility that addresses 
a phenomenon and selection of relevant facilities 
related to each phenomenon. 

6. Establishing a matrix of experiments (the SET 
matrix) suitable for the developmental assessment 
of thermal-hydraulics transient system computer 
codes, by selecting individual tests from the 
selected facilities, relevant to each phenomenon. 

A brief description for each one of the steps of the 
methodology will be presented in a brief form in the 
following sub-sections. 

3.1 Identification of Phenomena 

The interactions of different correlations along with the 
conservation equations will constitute a code's capa
bility to simulate important phenomena during the 
course of a LOCA or transient. It is essential to iden
tify each relevant phenomenon and to ascertain that 
the specific phenomenon is adequately simulated by 
the code. This is usually done by comparing the 
code's results from simulations of well defined tests 
carried out in properly designed test facilities with the 
test data. In this context a distinction is made between 
integral tests and SETs. 

Integral tests are carried out in scaled test facili
ties and provide data on the overall behaviour of a 
simulated reactor system during a LOCA or transient. 
These tests are being used for code assessment pur
poses relating to overall reactor behaviour. A definition 
of sets of such tests (matrices) has been provided in 
refs. [5, 6, 7]. These facilities have a complicated 
configuration. Compromises, for instance with respect 
to scaling to real plants, are inevitable. Also, the 
instrumentation for measurements of parameters 
governing different two-phase flow phenomena is lim
ited. This makes the integral tests less suitable for 
detailed investigations of specific two-phase flow phe
nomena. As a consequence this also requires, in 
assessment analyses, that the code user is very con
fident of which phenomena prevail during the course 
of a transient in order to avoid "good results but for the 
wrong reasons" (compensating errors). 

SETs are employed not only to develop correla
tions of specific processes but also to investigate indi
vidual or localised two-phase phenomena which in 
most cases are dependent on several specific proc
esses. These kinds of tests are also used to charac
terise the behaviour of single components such as 
pumps or steam separators. 

• As part of the definition of integral test matrices in 
refs. [5, 6, 7], different phenomena were identified. 
In particular, phenomenological windows were dis
tinguished in the case of 

- Large break LOCAs in PWRs 

.. ' - Small and intermediate break LOCAs and tran
sients in PWRs 

- LOCAs in BWRs 

- Transients in BWRs 

An expansion of that list, covering different impor
tant LOCA and thermal-hydraulics transients phenom
ena, was presented for both BWR and PWR in ref. [4]. 
A weighting and appraisal of each phenomenon were 
also included. The main support for these phenomena 
was provided by a number of integral and SETs. That 
list of phenomena is the basis for the one provided in 
this paper. Only minor modifications were introduced 
in the list. Apart from some re-arrangement, a new 
group named "Basic Phenomena" has been added. 
Each phenomenon in this group can be characterised 
as independent of other phenomena and is of a consti
tutive nature for the two-phase flow. 

Those phenomena, such as the mechanical 
response of structures to the coolant behaviour, and 
pressurised thermal shock, which are outcomes of the 
system thermal-hydraulic behaviour, have been 
excluded. The propagation of pressure waves is noted 
in the list of phenomena, but because special facilities 
have been used to investigate this phenomenon, and 
specialised codes are used for its prediction, data for 
the validation of this aspect of the LOCA and transient 
codes is also considered outside the scope of the pre
sent exercise. 

After the identification of the relevant two-phase 
flow phenomena is made, a short description of each 
phenomenon is provided as in the sub-section 3.2. A 
total of 67 phenomena are identified and the resulting 
phenomena list is given in Table 1. All representative 
phenomena occurring during a LOCA or transient are 
included, although several phenomena are combined 
under a general heading in some cases such as vari
ous instances of counter-current flow limitation, and of 
critical flow. 

It should also be realised that some phenomena 
are dependent on each other, for instance spray 
effects and condensation. It will be seen that there are 
several different types of phenomena, varying from 
those such as interphase friction which is a very basic 
attribute of a two-phase flow, to those such as loop 
seal clearing, which is essentially a system phenome
non, localised in its occurrence but very dependent on 
events and conditions elsewhere in the loop. In such 
cases, the influences from the loop have to be pro
vided as boundary conditions. 

3.2 Characterisation of Phenomena 

Most of the phenomena listed in above subsection are 
mentioned in [4] and some of these are discussed. 
That report, however, is organised under more general 
headings than the 67 set out above, and from the 
point of view of the current work the coverage of the 
phenomena it provides is rather uneven. Therefore, 
we have provided short summaries relevant to each 
phenomenon under the headings: Description of the 
phenomenon, Relevance to nuclear reactor safety, 



measurement ability, instrumentation and data base, 
and present state of knowledge - predictive capability. 

The scope of these summaries is outlined below. 

Description of the phenomenon 
A brief description of each phenomenon used in the 
SET Matrix is given under this heading. 

This indicates the interpretation that has been put 
on the phenomenon for the purposes of assessing 
suitable SET data. Thus, for example, it will be seen 
that the term horizontal stratified flow has been used 
to include the phenomenon of thermal stratification as 
well as aspects of two-phase stratified flow associated 
with the presence of a surface. The description also 
indicates where in a reactor system, and under what 
circumstances, the phenomenon is likely to occur. The 
discussion of the phenomenon should indicate fea
tures such as the degree of scale or geometry 
dependence, which affect the range of data likely to be 
necessary for code model validation. 

Relevance to nucfear reactor safety 
A brief discussion of the impact of the phenomenon (in 
as far as it is possible to isolate its effect from that of 
other phenomena) on nuclear reactor safety is pre
sented. 

In discussing the relevance of individual phenom
ena to reactor safety we have tried to be as specific as 
possible, since the "relevance rating" has a high sig
nificance in deciding whether poor data bases or weak 
modelling should be improved. The "relevance rating" 
was obtained by evaluating the question - how much 
influence does this individual phenomenon have on 
safety parameters such as pressure and clad tem
perature? The answer to this question has a strong 
influence on the opinions regarding the adequacy of 
database and modelling. 

Measurement ability, instrumentation and data 
base 
A summary of the data requirements and the degree 
to which they are satisfied by the available database 
are presented. This includes the discussion of the 
extent to which parameters required for model valida
tion can be measured directly, the description of the 
accuracy and consistency of measurements, and the 
presentation of the range of conditions and scales 
covered. 

Present state of knowledge • predictive capability 
An assessment of the present state of knowledge and 
predictive capabilities are included in this section. 

It is difficult to make entirely general statements 
about predictive capabilities, as the individual thermal-
hydraulics codes sometimes use different levels of 
modelling of individual phenomena. For instance criti
cal flow may be calculated by a "special process 
model" outside the main equation structure, or may 
optionally be evaluated using the basic six equation 
formulation of the main code. In general, the com
ments should apply to the best available models. 
Hence a comment in this section that the predictive 

capability is good or adequate, is not an automatic 
endorsement of all codes. 

As with the comments on the database, the judge
ment on adequacy of the modelling takes into account 
the importance of the phenomenon in terms of reactor 
safety. 

Detailed examples and discussions for the charac
terisation of phenomena are given in refs.[1a, 2]. 

3.3 Catalog of Information Sheets 

As a preliminary to establishing a list of tests for code 
assessment and validation, a catalogue of the SET 
facilities used within the OECD member nations was 
compiled. 

In 1989, Members of the OECD-CSN1 Task 
Group on Thermal Hydraulic System Behaviour wrote 
to various laboratories or organisations owning and/or 
operating test facilities or programmes known to them. 
Addressees were invited to supply information on: 

• Objectives of the facility 

• Geometry 

• Experimental Conditions and Parameter Ranges 

• Measurements 

• Information concerning Documentation 

• Use of Data 

• Special Features of Experiments 

• Phenomena investigated 

To supplement the catalogue of facilities thus gen
erated, members of the Writing Group provided infor
mation on other facilities described in the open litera
ture but not volunteered by representative in the own
ing countries. As a result, a list of 187 SET facilities 
which are, or have been, in operation in 12 OECD 
member countries has been compiled. 

The complete list of test facilities identified to the 
Writing Group is given in Table 1 of ref. [1a]. Those 
facilities for which sufficient information was supplied 
to produce an Information Sheet are indicated by "a" 
in the SET facility cross reference matrix. Only those 
facilities about which sufficient is known to produce an 
Information Sheet, (113 facilities), have been consid
ered in the process of selecting suitable test data. 

The aim of the Information Sheets is to provide 
enough information to decide on the most appropriate 
test facility/programmes to select for code model vali
dation/assessment with respect to particular phenom
ena. 

This information was collected primarily to enable 
the selection of appropriate sets of test data for inclu
sion in the SET cross-reference matrix. It would also 
form a starting point for anyone making use of the 
SET cross reference matrix data for code validation 
purposes. For each facility, therefore, a standard brief 
Information Sheet has been prepared, describing the 
most important characteristics of that facility and its 
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test programme. The Information Sheets are con
tained in Volume II of the SET Validation Matrix report 
[1b]. 

3.4 Forming a SET Cross-reference Matrix 

The main objective in producing the Separate Effects 
Test Facility Cross Reference Matrix (SET CRM) is to 
identify the best available sets of data for the assess
ment, validation and, finally, the improvement of code 
predictions of the individual physical phenomena. 
While both integral test data and SET data are appro
priate for code validation and assessment, for model 
development and improvement there should be a 
strong preference for SET data. 

The thermal-hydraulic phenomena of interest in 
LWR LOCA and transients are listed in Table 1. A set 
of basic two-phase flow and heat transfer processes 
which are important for the thermal-hydraulic codes in 
the form of basic constitutive relations have been 
added explicitly to the list under the heading "Basic 
Phenomena". The scope of the SET Facility CRM has 
been restricted to those phenomena directly affecting 
the thermal-hydraulic behaviour in a transient or 
LOCA. 

The resulting list of 67 thermal-hydraulic phenom
ena forms one axis of the SET Facility CRM. The sec
ond axis of the Matrix consists of the 187 facilities 
identified as potential sources of separate effects 
data. The test facilities in 12 OECD member countries 
are compiled according to the country in which they 
operate: Canada, Finland, France, Germany, Italy, 
Japan, Netherlands, Sweden, Switzerland, United 
Kingdom, USA, Norway. An example for SET facility 
CRM is shown in Table 2. The SET facility CRM 
tables for each country can be seen in ref.[1a]. For 
each test facility the phenomena addressed by the 
corresponding experimental research programme 
have been indicated in these Matrix tables, yielding 
the SET CRM for test facilities and thermal-hydraulic 
phenomena. 

The correlation between phenomena and SET 
Facility is assigned to one of three levels: 

• suitable for model validation, which means that a 
facility is designed in such a way as to simulate 
the phenomenon assumed to occur in a plant and 
is sufficiently instrumented (x); 

• limited suitability for model validation: the same as 
above with problems due to imperfect scaling, 
different test fluids (e.g. Freon instead of water) or 
insufficient instrumentation (o); 

• not suitable for model validation: obvious meaning, 
taking into account the two previous items (-). 

This Matrix shows both the number of different 
phenomena covered by the experimental investigation 
with one test facility, and the number of different 
facilities in which an individual phenomenon has been 
investigated. The test facilities differ from each other 

in geometrical dimensions, geometrical configuration 
and operating capabilities or conditions. Therefore, the 
number of facilities relevant to an individual phe
nomenon provides some indication of the range of 
parameters within which a phenomenon has been 
investigated and experimental data generated. For 
instance, it Is obvious from the SET CRM presented in 
refs.[1a, 3] that heat transfer phenomena, especially 
post critical heat flux, departure from nucleate boil-
ing/dryout and quench front propagation/rewet, were 
investigated in many SET facilities. 

For the systematic evaluation of the capabilities 
of a thermal-hydraulic code, appropriate experiments 
have to be identified which provide data over the 
range of conditions of interest (as far as such data is 
available), for each phenomenon listed. The selection 
of facilities and relevant parameter ranges are the 
subject of the next two points in the methodology. 

3.5 Selection of Facilities and Parameter Ranges 

This item of the methodology deals with the identifica
tion of parameters relevant to each facility that charac
terise the phenomena. 

The 67 phenomena considered are assumed to 
cover the thermal hydraulic behaviour in nuclear 
power plants under normal and abnormal conditions. 
Thus, the related ranges of parameters should be, 
especially with regard to geometry and fluid condi
tions, relevant to the plant conditions. Nevertheless, 
three main considerations suggested that the scope of 
the available experimental data base should primarily 
determine the ranges of variations of the main quanti
ties: 

a) the purpose of the data base to be constituted is 
computer code assessment; 

b) in some cases the range of parameters in the plant 
is an order of magnitude away from the ranges of 
values investigated in the experiments; 

c) a major requirement of qualified computer codes is 
that they should enable the extrapolation of phe
nomena to plant conditions: the consideration, for 
each phenomenon, of different rigs characterised 
by different scaling criteria and dimensions makes 
the attempt to achieve this objective more realistic. 

With these points in mind, tables having the format 
shown in Table 3, as an example, have been pro
duced with reference to each phenomenon. The tables 
should be seen primarily as aiming at the selection of 
the facilities where the considered phenomenon has 
been investigated. The resulting information is utilised 
for the selection of experiments. As noted above, the 
reported ranges of parameters are only relevant to the 
specific facility. 

Additional details related to each of the items in
cluded in the matrix format are elaborated in [1a] and 
[3], including the explanations to the symbols used in 
Table 3. 

49 



0 

1 
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7 

8 

9 

10 

11 

12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

BASIC PHENOMENA 

CRITICAL FLOW 

PHASE SEPARATION/VERTICAL FLOW WITH AND WITHOUT 
MIXTURE LEVEL 

STRATIFICATION IN HORIZONTAL FLOW 

PHASE SEPARATION AT BRANCHES 

ENTRAINMENT/DEENTRAINMENT 

LIQUID-VAPOUR MIXING WITH 
CONDENSATION 

CONDENSATION IN STRATIFIED 
CONDITIONS 

SPRAY EFFECTS 

COUNTERCURRENT FLOW/ 
COUNTERCURRENT FLOW LIMITATION 

GLOBAL MULTIDIMENSIONAL 
FLUID TEMPERATURE, VOID 
AND FLOW DISTRIBUTION 

HEAT TRANSFER: NATURAL OR FORCED CONVECTION 
SUBCOOLED/NUCLEATE BOILING 
DNB/DRYOUT 
POST CRITICAL HEAT FLUX 
RADIATION 
CONDENSATION 

QUENCH FRONT PROPAGATION/REWET 

LOWER PLENUM FLASHING 
GUIDE TUBE FLASHING (BWR) 
ONE AND TWO PHASE IMPELLER-PUMP BEHAVIOUR 
ONE AND TWO PHASE JET-PUMP BEHAVIOUR (BWR) 
SEPARATOR BEHAVIOUR 
STEAM DRYER BEHAVIOUR 
ACCUMULATOR BEHAVIOUR 
LOOP SEAL FILLING AND CLEARANCE (PWR) 
ECCBYPASS/DOWNCOMER PENETRATION 
PARALLEL CHANNEL INSTABILITIES (BWR) 
BORON MIXING AND TRANSPORT 
NONCONDENSABLE GAS EFFECT (PWR) 
LOWER PLENUM ENTRAPMENT 

1 
2 
3 
4 
S 
6 
7 
8 
9 

1 
2 
3 

1 
2 
3 

1 

1 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 

1 
2 
3 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 

1 
2 

Evaporation due to Depressurisation 
Evaporation due to Heat Input 
Condensation due to Pressurisation 
Condensation due to Heat Removal 
Interracial Friction in Vertical Flow 
Interfacial Friction in Horizontal Flow 
Wall to Fluid Friction 
Pressure Drops at Geometric Discontinuities 
Pressure Wave Propagation 

Breaks 
Valves 
Pipes 

Pipes/Plena 
Core 
Downcomer 

Pipes 

Branches 

Core 
Upper Plenum 
Downcomer 
Steam Generator Tube 
Steam Generator Mixing Chamber (PWR) 
Hot Leg with ECCI (PWR) 

Core 
Downcomer 
Upper Plenum 
Lower Plenum 
Steam Generator Mixing Chamber (PWR) 
ECCI in Hot and Cold Leg (PWR) 

Pressuriser (PWR) 
Steam Generator Primary Side (PWR) 
Steam Generator Secondary Side (PWR) 
Horizontal Pipes 

Core (BWR) 
Pressuriser (PWR) 
Once-Through Steam Generator Secondary Side (PWR) 

Upper Tie Plate 
Channel Inlet Orifices (BWR) 
Hot and Cold Leg 
Steam Generator Tube (PWR) 
Downcomer 
Surgeline (PWR) 

Upper Plenum 
Core 
Downcomer 
Steam Generator Secondary Side 

1 Core. Steam Generator, Structures 
2 Core, Steam Generator, Structures 
3 Core, Steam Generator, Strucutres 
4 Core, Steam Generator, Strucutres 
5 Core 
6 Steam Generator, Structures 

Fuel Rods 
Channel Walls and Water Rods (BWR) 

Table 1: List of Phenomena 
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Phenomena 

LEGEND 

x suitable for model validation 

o limited suitability Tor model vas&iian 

- not suitable for model validation 

Facility No. 
Info Sheet available 

O BASIC PHENOMENA I Evaporation due to Depressumition 
3 Evaporation due to Heal Input 
3 Condensation due to Pressurisation 
4 Condensation due to Heal Removal 
5 Ioterfac Frio. Vertic. Flow 
6 Interfac. Frio. Koriz. Flow 
7 Wall to Fluid Friction 
S Press. Drops at Geometr. Discontinuities 
9 Pressure Wave Propagation 

1 CRITICAL FLOW I Breaks 
3 Valves 
3 Pipes 

3 PHASE SEPARATION/VERTICAL FLOW I Pipes/Plena 
WITH A N D WITHOUT MIXTURE 3 Core 
LEVEL 3 Downcomer 

3 STRATIFICATION IN HORTZ- FLOW 1 Pipes 

4 PHASE SEPARATION AT BRANCHES 1 Branche! 

5 ENTRMNMENT/DEENTRAINMENT I Core 
3 Upper Plenum 
3 Downcomer 
4 SG-Tube 
5 SC-Mbc Chamber (PWR) 
« Hot Lej with ECCI (PWR) 

6 LIQUID-VAPOUR MIXING WITH I Core 
CONDENSATION 3 Downcomer 

3 Upper Plenum 
4 Lower Plenum 
5 SG-Mix. Chamo. (PWR) 
6 ECCI in Hot and Cold U s (PWR) 

7 CONDENSATION IN STRATIFIED 1 Pressuriser (PWR) 
CONDITIONS 3 SG-Primary Side (PWR) 

3 SG-Seoondary Side (PWR) 
4 Horizontal Pipes 

t SPRAY EFFECTS 1 Core (BWR) 
3 Pressuriser (PWR) 
3 OTSG Second. Side (PWR) 

9 CCF/CCFL 1 Upper Tie Plate 
3 Channel Inlet Orifice! (BWR) 
3 Hot and Cold Leg 
4 SC-Tube(PWR) 
5 Downcomer 
6 Surgeline (PWR) 

10 GLOBAL MULTIDIMENSIONAL I Upper Plenum 
FLUID TEMPERATURE, VOID 3 Core 
AND FLOW DISTRIBUTION 3 Downcomer 

4 SG-Sccondajy Side 

11 HEATTRANSF^ NAT. FORC. CONV. I Core. SG, Structures 
SUBC,/NUCI_ BOIL. 3 Core, SG. Structures 
DNB/DRYOUT 3 Core, SG, Structures 
POSTCHF 4 Core, SG. Structures 
RADIATION S Core 
CONDENSATION 6 SG, Structures 

13 QUENCH FRONT PROPAGVREWET 1 Fuel Rods 
3 Channel Walls and Water Rodl (BWR) 

13 LOWER PLENUM FLASHING 
1« GUIDE TUBE FLASHING (BWR) 
15 ONE A N D TWO PHASE IMPELLER-PUMP BEHAVIOUR 
16 ONE A N D TWO PHASE JET-PUMP BEHAVIOUR (BWR) 
17 SEPARATOR BEHAVIOUR 
18 STEAM DRYER BEHAVIOUR 
19 ACCUMULATOR BEHAVIOUR 
30 LOOP SEAL FILLING AND CLEARANCE (PWR) 
31 ECC BYPASS/DC PENETRATION 
33 PARALLEL CHANNEL INSTABILITIES (BWR) 
33 BORON MIXING AND TRANSPORT 
34 NONCONDENSABLE GAS EFFECT (PWR) 
35 LOWER. PLENUM ENTRAINMENT 

Separate Effects Test Facilities 

M
O

B
Y

-D
IC

K
 

S
U

P
E

R
 

M
O

n
y-

D
IC

K
 

C
A

N
O

N
 a

nd
 S

U
P

E
R

 C
A

N
O

N
 (

ll
o

ri
t)

 

V
E

R
T

IC
A

L
 C

A
N

O
N

 

T
A

P
IO

C
A

 (
V

e
rt

la
l)

 
£
 

D
A

O
IN

E
 (

V
en

lc
al

 T
u

b
e,

 I
m

ld
e)

 
3
 

P
E

R
IC

L
E

S
 R

e
d

in
ju

li
r 

R
 

P
E

R
IC

LE
S

 C
yl

in
dr

ic
al

 

P
A

T
R

IC
IA

 G
V

 1
 

P
A

T
R

IC
IA

 G
V

 3
 

E
R

S
E

C
 T

ub
e 

(I
m

ld
e)

 

E
R

S
E

C
 R

od
 D

un
dl

e 

O
M

E
G

A
 T

ub
e 

(I
n

tl
d

e)
 

O
M

E
G

A
 R

od
 n

un
dl

e 
E

C
T

IIO
R

 L
oo

p 
Se

al
 (

A
ir

/W
at

er
) 

C
O

S
I 

S
U

P
E

R
 M

O
D

Y
-D

IC
K

 T
E

E
 

P
IE

R
O

 (
A

lr
/W

il
er

) 

E
P

O
P

E
E

 

E
V

A
 

O —. r* « " » * » « v; «— »te o* o — 

a m a a » a a a a a a a a a a a a a » 

- X X X X - - - - . . . x x - - X - - - : 

- - - . - O X X - - - X - * - • • • - -

. 

. - - - - X • - - • X - X X • - - - . -

Table 2: Separate Effects Test Facility Cross Reference Matrix 
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No. 

3.7 

3.12 

3.14 

3.15 

4.5 

4.9 

5.6 

5.7 

5.12 

6.1 

6.16 

8.4 

9.1 

10.3 

10.4 

10.7 

10.20 

10.23 

11.3 

11.7 

11.8 

FACILITY II 

Status in 
the matrix 

a x 

a x 

a x 

a x 

a x 

a x 

a x 

a x 

X 

a x 

X 

X 

a x 

X 

a x 

a x 

a x 

x 

a x 

X 

a x 

DENTIFICATION 

Name 

DADINE (VERTICAL 
TUBE INSIDE) 

ERSECTUBE 
(INSIDE) 

OMEGA TUBE 
(INSIDE) 

OMEGA ROD BUNDLE 

BLOWDOWN HEAT 
TRANSFER RS 37 

REWET (RS 62/184) 

GEN 3x3 
(STEAM GENERATOR) 
ENEA 

8x8 BUNDLE CISE 

CHF ENEA 
TPTFJAERI 

HICOF (HITACHI CORE 
AND FUEL TESTS) 

120 BAR LOOP 
NEPTUN-I 
(BOIL-OFF) 

REFLEX TUBE 
REFLOOD 

POST DRYOUT INST. 
TUBE (HP, WINFRITH) 

POST DRYOUT INST. 
TUBE (LP, HARWELL) 

BOILER DYNAMICS 
RIG 

MULTIPIN CLUSTER 
RIG 
THEF POST CHF 
INS. TUBE 

UNIV. CALIFORNIA 
B. TUBE REFLOOD 

UNIV. CALIFORNIA 
B. TUBE REFLOOD 

KEYWORDS 

Vertical tube, 
Steady-state, 
Boil-off 

Tube, reflooding 

Blowdown 

Blowdown 

Blowdown 
Rod bundle 

Reflooding, 
tube, single rod 

SG Secondary, 
Steady-state, 
transient 

BWR-6 Bundle, 
Steady state 

Core heat transfer, 
Boil-off, 
Reflooding, 
BWR and PWR 
bundle 

Bundle 

Hot patch 

SG, transient 
boundary 
conditions 

Steady state, 
quasi-steady state 

Reflooding 

RELEVAN' 

Pressure 
(MPa) 

0.1-0.6 

0.1-0.6 

16 

13-15 

15-1.3 

0.1-0.45 

3.5-8 

7.1 

0.5-12 

0.15 

0.2-7 

0.2-0.4 

28 

0.2-7 

0.1-0.3 

r PARAMETER 

Inlet mass 
flow (kg/m2/s) 

20-150 

10-120 

-

-

3828-3300 

2-10 cm/s 

200-600 

125-1600 

20-410 

-

50-2000 

25-200 

12kg/s 

12-70 

2.5-18 cm/s 

S RANGES 

Heat flux 
(W/cm2) 

1-3 

1-7 

60-125 

44-60 

163-74 

2-6 

-

3-25 

> 

25-75 kW 

1-30 

12 MW 

0.8-22.5 

REASONS FOR 
SELECTION OR 

NOTES 

1 5 6 

5 6 7 

5 6 7 

5 6 7 

5 6 

6 7 

2 3 5 6 

2 3 5 6 

2 3 5 6 

2 3 5 6 

6 7 

2 3 4 5 6 

1 5 6 

Table 3: Phenomenon No. 11.4 - Heat Transfer: POST-CHF in the Core, in the Steam Generator and at Structures 
(PartA) 
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The SET facilities included in the CSNl integral 
test facility document [5] are noted in the following 
tables, even if the information sheet is not available. 

The result of the activity outlined above consists 
of 67 tables (one per phenomenon) that give an idea 
of the quantity and the scope of experimental research 
carried out to investigate the phenomena with the aim 
of qualifying thermal-hydraulic system computer codes 
(Table 3, for example). 

3.6 Establishing the SET Matrix 

For each of the 67 phenomena, a table presents the 
tests which have been identified as suitable for code 
validation with respect to that phenomenon, from the 
test facilities selected. The arguments for the selection 
of the facilities for a given phenomenon are already 
identified with the previous step of the methodology. 

In order to try to be practical, the number of facili
ties has been limited to 3 on the average, though in 
some special cases up to 5 are used. For heat trans
fer, a larger number was used, because of the large 
number of parameters affecting heat transfer and its 
high degree of importance. The total maximum num
ber of tests has been fixed at up to 20 per phenome
non. Here a test is considered to be a set'of data 
points involving one key parameter variation (e.g. a 
flooding curve at a single pressure and tube geome
try). These numbers indicate the large amount of work 
which is necessary to assess a code. 

It must be emphasised that tests have been cho
sen on the basis of available information: It is not 
always possible to determine how satisfactory data is 
for code validation until it is actually used (complete
ness of boundary condition information; measurement 
accuracy, internal consistency etc.) The situation of 
the various experimental programmes and chosen 
tests varies greatly in this respect. 

The tests have been selected in order to cover 
the experimental data range as defined, knowing that 
the plant range is not always covered. Particular 
atention has been given to the geometric scaling 
problem and small-, medium- and large scale separate 
effect facilities have been included whenever possible. 

As some facilities are useful with respect to sev
eral separate effects phenomena, a cross check and a 
tentative harmonisation of the selected tests have 
been made when possible, in order to try to minimise 
the number of input data needed for code validation. 

In this matrix, the selected tests are ordered fol
lowing one arbitrary chosen main parameter (for 
example system pressure) with, optionally, additional 
parameters (for example, representative diameter). 
This will give the user an indication of the available 
range of data for code validation, and the possible 
need for additional tests. 

At the bottom of the table the main references, if 
identified, are given for the chosen tests. The reader is 
supposed to have enough information in these refer
ences to be able to compute the test. An example of 

the SET Matrix for a phenomenon is given in Table 4. 
Further tables for each of the 67 phenomena are given 
in detail inref.[1a]. 

Additional information related to the type of tests, 
or parameter ranges, for instance, are also provided in 
the listed references. This matrix has been published 
as a first attempt. It may be updated by new and addi
tional input from the owners and by remarks from the 
users. Nevertheless, as it is, this separate effect test 
matrix covers a large number of phenomena within a 
large range of selected parameters. If a thermal-
hydraulic code is to be used to cover a certain number 
of phenomena then calculation of the relevant identi
fied tests in the matrix is considered to be a basic step 
toward the achievement of code qualification. 

4 Conclusions 

The present SETs validation matrix report [1a] con
tains the SETs matrix requested by CSNl in support of 
thermal-hydraulic code validation. The report and 
matrix can also be used for code development and for 
quantitative uncertainty analysis. 

The construction of the present SET matrix has 
represented a large effort. Much information has been 
collected, recorded and classified in three main areas: 

• information on test facilities and test parameters 

• state of the art knowledge with regard to a full 
range of thermal hydraulic phenomena (covering 
LOCA and transients in current designs of BWR 
andPWR) 

• sources of data for validation of codes with re
spect to each specific individual phenomenon. 

Facilities and phenomena have been cross-refer
enced in a SET cross-reference matrix, while the se
lected SETs themselves are listed against the phe
nomena for which they can provide validation data. 
Considerable efforts have been made to ensure that 
the cross-reference matrix is as complete as possible 
and that the selected set of tests are as optimal as 
possible in range, usability and number. This report 
contains the most comprehensive compendium of 
tests and facilities brought together in one document. 
Nevertheless it is recognised that the work did not 
succeed in reaching all data. Furthermore it has not 
been possible, to-date, to prescribe particular suitable 
tests in certain areas, even when tests are known to 
exist, either because of the peculiarity of the particular 
area or because the data are currently proprietary. 

It should be noted, that in selecting tests and 
commenting on the completeness of the data base we 
have concentrated on the available experimental data 
ranges and considered the plant parameter range only 
in a limited way. It is up to the user, for his particular 
application, to solve the problem of the plant parame
ters range of the particular phenomenon and compare 



FACILITIES IDENTIFIER 

Main parameters 

P (MPa) 

6.86 
6.92 

0.378 
0.255 
0.409 
0.396 
0.39 
0.272 
0.302 
0.395 

0.2-0.4 

References: 

11.56 N. Aki 

Inlet fluid 
velocity 

(m/s) 

3.7 
0.4 

Mass Flux 
(kg/m2s) 

14.8 
14.9 
20.7 
42.7 
29.5 
42.9 
60 
29.9 

Refiood rate 
(cm/s) 

9.6 
5.6 
7.4 

9.6 
5.6 
7.4 
2.1 

11.56 

12 
7 

11.57 

100 
105 
112 
124 
130 
158 
174 
191 

12.1 

IFA-511-2 
5236 
5239 
5247 

IFA-511-3 
5258 
5261 
5265 
5266 

SELECTED TESTS 

;an: "Evaluation of Analytical Capability to predict cladding Quench" EGG-LOFT 5555, 
August 1982. 

11.57 D.G. Evans, et al. "Measurement of Axially Varying Nonequilibrium in Post-Critical Heat-Flux Boiling 
in a Vertical Tube" NUREG/CR-3363, Vols. 1 and 2, June 1983. 

12.1 C. Vitanza et al.:"Blowdown/reflood tests with Nuclear Heated Rods (IFA-511.2)" OECD Halden 
Reactor Project, H PR-248, May 1980. 

T. Johnsen, C. Vitanza: "Blowdown/Reflood Tests with Semiscale Heaters (IFA-511.3)" OECD 
Halden Reactor Project HWR-17, May 1981. 

Table 4: Heat Transfer: Post-CHF in the Core, in the Steam Generator and at Structures (7/7) 

this to the available data range in the matrix. In order 
to facilitate this, the tests in the matrix are ordered 
following one relevant main parameter and possibly 
one or two subsidiary parameters. 

An important outcome of our work is related to 
the methodology which has been developed during 
this project. This methodology has been summarised 
in some detail in this paper. 
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In the SET matrix, particular attention has been 
paid to the definition of each phenomenon, its rele
vance to nuclear safety, measurement capability, 
instrumentation and data base and the predictive 
capability of the code. This was done to meet some 
concerns resulting from the user feedback on the 
existing Integral Test Facility Matrix and dealt with 
questions raised about what is really meant by certain 
phenomena. 

It is apparent from this work that the level of the 
state of knowledge related to the different phenome
non is far from uniform. Another important outcome is 
related to the large amount of work which is neces
sary to validate a computer code against the total 
number of phenomena which have been identified 
(67). Compared to existing code matrices, the total 
number of selected tests is at least one order of 
magnitude more than has been utilised until now. The 
increasing power of available computers, however, 
makes the calculation of a larger number of tests 
more feasible now than in the past. 

It must be recognised by the users of this SET 
matrix that a detailed check of the selected tests and 
of the associated documentation was not possible on 
every single test. For some cases it was not possible 
to select particular tests. These open problems will, it 
is hoped, be solved in the future by feedback from the 
facilities owners and with the help of the users. So this 
matrix has to be considered as a living, evolving 
document. Nevertheless, even in its present form, this 
matrix is representative of the major part of the 
experimental work which has been carried out in the 
thermal-hydraulics field, covering a large number of 
phenomena within a large range of useful parameters. 

The first volume of the SET matrix report [1a] 
provides cross-references between test facilities and 
thermal-hydraulic phenomena, and lists tests classi
fied by phenomena. As a preliminary to the classifica
tion of facilities and test data, it was necessary to 
identify a sufficiently complete list of relevant phe
nomena for LOCA and non-LOCA transient applica
tions of PWRs and BWRs. The majority of these phe
nomena are also relevant to Advanced Water Cooled 
Reactors. To this end, 67 phenomena were identified 
for inclusion in the SET matrix. Phenomena charac
terisation and the selection of facilities and tests for 
the SET matrix are included in volume I of the report 
[1a]. In all, about 2094 tests are included in the SET 
matrix. 

The SET matrix, as it stands, is representative of 
the major part of the experimental work which has 
been carried out in the LWR-safety thermal-hydraulics 

field, covering a large number of phenomena within a 
large range of useful parameters. The SET matrix 
also provides a basis for evaluating the existing data 
base and defining the main axes for further research 
in LWR-safety thermal-hydraulics in relation to sepa
rate effects testing. 
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ABSTRACT 

For Light Water Reactors (LWRs), the containment is 
the last barrier against radioactive emission to the 
environment under severe accident conditions. The 
containment atmosphere is composed of inert gases, 
e.g. nitrogen, oxidizing gases, e.g. oxygen, and 
reactive gases, e.g. hydrogen. Depending on com
position, this gas mixture may be subject to uncon
trolled combustion or explosion processes with 
accompanying pressure and temperature increases 
during severe accidents. Pressure control is of utmost 
importance to assure containment integrity. One 
method to exclude containment atmosphere ignition in 
a deterministic way is to flood the containment in the 
early stages of a severe accident by an inert gas, e.g. 
carbon dioxide. The purpose of this work was to de
termine the ignition limits of the four component gas 
mixture: COp steam, air and H& under conditions as 
they may occur in the containment in the initial phase 
of a severe accident. 

The ignition experiments were earned out in an 
autoclave with a volume of 34 litres; large enough to 
avoid geometry effects. The autoclave was equipped 
with high energy ignition sources and a fan to assure 
effective gas mixing. Starting with a base load of 1 bar 
air at 35°C, H^ C02 and H20 were added and the 
ignition limits, the pressure peak and the residual gas 
composition determined. 

1 Introduction 

Core damage of LWRs is initiated by insufficient 
cooling of the reactor core. Above 1100°C the Zircal-
loy fuel rod cladding and above 1370°C the steel 
components react with water. These reactions lead to 
the formation of hydrogen and are strongly exother
mic. The liberation of hydrogen into the containment 
leads to a pressure increase and eventually, without 
preventive measures, to the formation of an ignitable 
gas mixture. This gas mixture may be subject to un
controlled combustion, deflagration or detonation with 
an accompanying pressure and temperature rise, thus 
jeopardising the containment integrity. One possibility 
to preclude containment ignition in a deterministic way 
is to flood the containment in the early stages of a 
severe accident by an inert gas, e.g. carbon dioxide 
(C02). The purpose of this work was to determine the 

ignition limits of the four component gas mixture: 
hydrogen, air, steam and C0 2 under conditions typical 
for the early stages of a severe accident (in-vessel 
reactions, before reactor pressure vessel failure). 

Published data, e.g. [1], for a gas mixture 
consisting of reactive (H2), oxidising (air) and inertis-
ing (steam) components allow a rough estimate of the 
ignition limits at typical pressure ( 1 . 6 - 5 bar) and 
temperature (35 - 160°C): 

Reactive gas (H2) > 5 vol.% 
Oxidising agent (0 2 in air) > 22 vol.% air 
Inertisation (H20 and C02) < 60 vol. % 

The purpose of this experimental work was to 
find the ignition limits of gas mixtures which can be 
formed during a severe accident, with and without 
inertisation. The gas mixtures were analysed before 
and after ignition and the peak temperature and pres
sure recorded. 

2 Experimental Set-up 

Figure 1 shows the experimental set-up. In order to 
avoid geometry effects, a cylindrical austenitic steel 
autoclave of 350 mm inner diameter and 350 mm 
inner length, giving a total volume of 34 litres, was 
used. 

The heated autoclave was equipped with a mag
netic fan to assure homogeneous mixing before igni
tions and turbulence during ignitions. The six ignition 
sources with relative orientations of 30° were situated 
in the centre of the autoclave to avoid effects of posi
tion. Nickelin (a nickel-copper alloy) exploding wire 
was used as a high energy ignition source (4J). The 
temperature in the autoclave centre was recorded by 
a thermocouple (50 ms response time). The pressure 
was recorded by a piezoelectric transducer mounted 
in the cylinder wall (1 ms response time). The pres
sure and temperature change during an ignition were 
recorded. The gas composition before and after igni
tion was analysed by Mass Spectrometry (MS). 
The goal of the experiments was to simulate the con
tainment atmosphere at the initial phase of a severe 
accident without containment venting. For this reason 
the autoclave was filled with air, either 1 bar at 35°C 
or, at higher temperatures, correspondingly higher 
pressures. H2, C02 , and steam were added to the air 
leading to varying initial pressures. 
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Fig. 1: Experimental set-up 

The experiments followed a standard procedure: 

• The gases were filled into the heated, evacuated 
autoclave in the following sequence: air, hydrogen, 
C02. 

• After a period of equilibration, this gas mixture was 
ignited. 

• If no ignition occurred, more hydrogen or air was 
added and the next ignition source activated. 

• For tests with water in the gas mixture, water was 
injected into the bottom of the autoclave first. After 
reaching equilibrium pressure the other gases 
were introduced. 

In what follows, all pressures are indicated in absolute 
values (bar = bar absolute). 

3 Experimental Data 

3.1 Dry gas mixtures 

An example of the results with dry gas mixtures is 
shown in Figure 2. The figure is divided into three sec
tions: Section a shows the ignition limits as a function 
of hydrogen and oxygen concentration. The discrimi
nation between P^/Po above or below 2.0 gives an 
indication of the vehemence of the reaction. 

Section b gives the gas composition after igni
tion, i.e. the residual concentration of hydrogen and 
oxygen. The residual concentrations show the com
pleteness of the reaction. Section c shows the maxi
mum pressure Pmax corrected for the initial pressure 
P0, i.e. the peak pressure ratio, P^X/PQ-
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3.2 Gas mixtures with water 

In Figure 3 an example of experiments with water ad
dition is shown. The three sections a, b and c in Fig
ure 3 are as described in section 3.1. At 100°C, water 
saturation was used (1 bar H20). At 160°C, the H20 
pressure was set at 2.0 bar, which is the saturation 
pressure at 120°C. The reason for working with water 
concentration under saturation is that at 160°C the 
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saturation pressure of water is 6 bar and leads to 
complete inertisation of the gas mixture. 
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4 Results and Discussion 

4.1 Ignition Limits 

In Figure 4 and Table 1, the ignition limits between 
35° and 160°C for dry and wet gas mixtures are 
summarised. Conservatively, ignition limits are the 
highest oxygen and hydrogen concentrations of mix
tures which did not ignite. Table 1 allows the following 
conclusions: 

• At higher temperatures the ignition limits are 
shifted to lower values. 

• Wet gas mixtures show higher ignition limits than 
dry gas mixtures; which is caused by steam inerti
sation. Both C02 and water are inert gases, but 
the inertisation effect of water is, for a given gas 
mixture, better. 

• The lowest ignition limits were found for dry gas 
mixtures at 160°C. 

• The pressure dependence of the ignition limits has 
not yet been investigated. However, indications are 
that the initial pressure has little influence on the 
ignition limits [2]. 

H2 lower 
limit (vol.%) 
O2 lower 
limit (vol.%) 

35°C 
dry 

5.1 

6.8 

100°C 
dry 

4.7 

6.5 

wet 

5.3 

6.7 

160°C 
dry 

4.5 

6.4 

wet 

6.3 

6.7 

Table 1 : Summary of the ignition limits between 35°C 
and160°C. 

10. 

< 
Œ (— 
Z 
Ul o z o 
Ü 

9 -

8 — 

7 — 

35°C Dry mixture 
100°C Dry mixture 

Dry mixture 
Wet mixture 

'*^-.-. 

' I ' I ' I ' I ' I ,' I, ' I ' 
5 10 15 20 25 30 35 40 

(̂ -CONCENTRATION BEFORE IGNITION (vol.%) 

Fig. 4: Summary of the ignition limits 

To exclude ignition of the containment atmos
phere under all conditions prevailing during the initial 
phase of a severe accident, the C02-inertisation 
should depress the 02-concentration to its lowest 02-
ignition limits (i.e. 6.4 vol.% 0 2 or 30.5 vol.% air). This 
experimental value is about 30% higher than normally 
estimated. This means that less C02 is necessary for 
the inertisation of the containment, resulting in less 
C02-storage and less pressure build-up in the con
tainment during inertisation. 

In Figures 2a and 3a, an arbitrary distinction is 
made between ignitions with low peak pressure ratios 
(Pmax/P0 < 2) and high peak pressure ratios (Pmax/Po 
> 2). Ignitions with low peak pressure ratio were only 
measured at low H2-concentrations. Another method 
suggested as a measure against ignitions in LWR 
containments is partial inertisation by controlled com
bustion of the containment atmosphere, before the 
gas mixture in the containment ignites with high peak 
pressures [3]. As can be seen from the results given 
above, it is clearly difficult to control the peak pres
sure; this method is therefore not deterministic. 

4.2 Pressure Build-up 

Figures 2c and 3c show the peak pressure during 
ignition expressed by the peak pressure ratio P^y/Po-
Starting at low H2-concentrations Pmax/Po increases 
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until a stoichiometric composition (14 vol.% H2 and 7 
vol.% o2) is reached. The highest Pmâ pQ values, of 
about 4, were obtained for dry gas mixtures at low 
temperatures (35°C). At higher temperatures, the 
peak pressure ratio P^x/Po reaches a value of about 
3. 

Together with the pressure peak, the measured 
maximum temperature of the gas mixture during igni
tion increases. This temperature is not the real flame 
temperature, considering that the thermocouple has a 
response time of 50ms. The real flame temperature is 
assumed to be constant. 

4.3 Completeness of Combustion 

Figures 2b and 3b show the residual gas concentra
tion after ignition. Despite the controlled experimental 
conditions, the residual H2- and (^-concentrations 
after ignition show considerable scatter for the same 
pre-ignition conditions. This implies that similar pre-
ignition mixtures burn down differently, possibly de
pending on the availability of oxygen and hydrogen 
close to the ignition source. With H2-concentrations 
near the ignition limit (i.e. 5-12 vol.%), post-ignition 
residual concentrations vary from 1 to 9 vol.% for H2 

and 6 to 13 vol.% for 02 . Near stoichiometric gas 
composition, H2 and 0 2 are totally consumed. With 
excess hydrogen, oxygen is completely consumed, 
while hydrogen consumption is only partial. 

Conservatively, for low (-^-concentrations (5-12 
vol.%), it has to be assumed that after ignition only 
part of the H2 is consumed. Supplementary hydrogen 
addition may lead again to an ignitable gas mixture. 

5 Summary and Conclusions 

The C0 2 inertisation of the containment atmosphere 
was investigated in an autoclave large enough to ex
clude geometry effects, equipped with a high energy 
ignition source and a fan to assure instantaneous gas 
mixing. Starting with a base load of 1 bar air at 35°C, 
H2, C02 , and H20 were added. 

The following conclusions can be drawn: 

• For dry gas mixtures (H2, air, C02) the maximum 
02-concentration, for which no ignition occurred, 
was found to be 6.4 vol.% at 160°C. For wet gas 
mixtures the maximum C02-concentration was 

higher, 6.7 vol.% at 160°C. Therefore, C02-in-
ertisation to 6.4 vol.% 0 2 should prevent ignition 
under all conditions. 

• Pressure peaks after ignition were recorded. The 
highest peak pressure ratio Pmax/P0 of around 4 
was measured for dry gas mixtures at low tem
peratures. 

• Since the pressure peaks for the same experimen
tal conditions (within experimental error) showed 
extreme variations, partial inertisation by mild 
combustion, as is suggested in [3], is not consid
ered as a practical option. 

• At low H2-concentrations, between 5 and 12 vol.%, 
only a small amount of hydrogen may be con
sumed after ignition. Since, under these condi
tions, the residual hydrogen concentration remains 
high, the addition of a few vol.% H2 may lead to an 
ignitable gas mixture. 
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ABSTRACT 

In the fabrication of fuel containing transuranium 
(TRU) elements, flow sheets and techniques that 
allow a shielded and/or remote fabrication will proba
bly need to be applied. One approach, which has 
been demonstrated on the laboratory and semi proto
type scale, is the wet fabrication route of co-precipita
tion of the matrix element uranium and plutonium to 
form either dense spherical particles or to produce 
hybrid pellets made from pressed gel microspheres. 
The ceramic material produced holds the TRU-ele-
ments (Pu, Np, Am) homogeneously distributed in the 
matrix. 

In conjunction with the Département d'Études 
des Combustibles of the French Commissariat à 
l'Énergie Atomique (CEA-DEC) in Cadarache, PSI is 
further developing a mixed nitride ceramic and mixed 
oxide with high concentrations (up to 50 %) of pluto
nium with the aim of a joint irradiation test of tran
suranium elements in the French PHENIX reactor. 

1 introduction and Background 

For the transmutation of the TRU elements arising 
from the reprocessing of spent nuclear fuel, systems 
based on reactors or particle accelerators have been 
proposed. For reactor transmutation, fast flux reactors 
cooled by liquid metal (LMR) or helium gas are being 
considered, based either on existing LMR designs or 
on specially developed "minor actinide burners" 
(MAB). Fuels for these reactors range from the classi
cal ceramic oxide fuel, through advanced ceramic 
(nitride, carbide) fuels to metallic fuels or ceramic 
particle fuel designs. 

In the fabrication of fuel containing TRU ele
ments, flow sheets and techniques that allow a 
shielded and/or remote fabrication will probably need 
to be applied. One approach, which has been proven 
on the laboratory- and on semi prototype scale, is the 
wet fabrication route of co-precipitation of the matrix 
element uranium and plutonium to form either spheri
cal particles or to produce hybrid pellets made from 
pressed gel microspheres [1,2]. The gelation method 
offers a simplified production route with reduced pro
cessing stages. The individual steps (precipitation, 
removal of reaction products and drying) can readily 
be adapted for remote operation with low mainte
nance demand (absence of mechanical powder 

treatment, dust-free operation) and good operator 
protection. The ceramic produced holds the TRU ele
ments homogeneously distributed in the matrix. 

PSI has successfully demonstrated the produc
tion of mixed carbide [3] and oxide [4] fuels and 
proved these in reactor as vibrocompacted uranium 
plutonium (particle) fuel pins. Pellets from uranium 
oxide spheres have also been produced [2]. In con
junction with the CEA-DEC in Cadarache, PSI is fur
ther developing a mixed nitride fuel [1], Pellet fuel is 
produced in Cadarache using gel feed provided by 
PSI or by the DEC powder metallurgical route. 

A second objective of the new PSI-CEA collabo
ration is linked more particularly to plutonium burning 
in a fast flux reactor in order to significantly decrease 
the available amounts of this major actinide; the net 
consumption of plutonium has to be as high as possi
ble. The first and most obvious method to be consid
ered consists of fabrication and activation of a mixed 
oxide (U,Pu)02 with higher enrichment in plutonium 
than the ones of classical fast flux reactor fuels. First 
calculations have indicated that the plutonium con
sumption increases with the plutonium enrichment up 
to values of around 50% at which point the gain of the 
consumption becomes saturated. On the other hand, 
reprocessing of such fuels is not straightforward. It is 
already known [5,6] that the solubility of (U,Pu)02 

fuels in nitric acid decreases with plutonium concen
trations higher than 30%, depending on the dissolu
tion conditions (acidity, time) and the characteristics of 
the fuel (plutonium oxide distribution, grain size, 
porosity). Under these conditions, the optimal enrich
ment in plutonium is thought to be close to 45%. 

In-pile considerations indicate that fuels with 
such a high enrichment should be of low density. 
These specific properties correspond reasonably well 
with those which can be obtained by sphere-pac or 
sphere-pellet fabrication methods, namely a high 
plutonium homogeneity of the (U,Pu)02 fuel and a 
large range of smear densities. For these reasons, 
fabrication tests of (U,Pu)Oz with plutonium concen
trations between 20% and 60% have been initiated 
with the wet route in order to establish the fabrication 
parameters for the thermal treatment and to verify the 
quality of the (U,Pu)02 solid solution and the corre
sponding fuel solubility. This information, together with 
other characteristics to be measured, such as the 
thermal properties, will lead to an optimal burning. 

A previous common work has shown that of all 
advanced fuels (metal, nitride, carbide) only uranium 
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and mixed uranium-plutonium nitride fuels could be 
manufactured, irradiated and reprocessed in facilities 
designed for handling oxide fuel. The other advan
tages of nitride lie in their good thermal conductivity 
and their sodium compatibility. It has been shown that 
dissolution in nitric acid is practicable and compatible 
with the Purex process extraction, at least for fresh 
fuel [8]. 

A third objective of the PSI-CEA collaboration is 
devoted to the transmutation of minor actinides, 
namely developing target materials for the heteroge
neous concept [7]. Concerning high americium con
tents, oxide fuels with americium exhibit a lower ther
mal conductivity than expected from the values of 
uranium plutonium oxide fuel [9]. Another important 
aspect is that the reactivity of americium oxide with 
sodium, in case of cladding failure, is stronger than for 
uranium, plutonium or fast reactor neptunium oxides. 
For these two reasons, americium was limited to 20 % 
weight in the SUPERFACT irradiation in Phénix whilst 
neptunium could be added to 45 % in weight [10]. 

Oxide targets such as magnesia or alumina 
developed at CEA-DEC [7] for fast reactor applica
tions may not be the best matrices for americium 
oxide. Obviously actinide-based (U,Pu) or metal-
based (Zr, AI, Ti,...) nitrides have better physical and 
thermodynamic properties than their oxides. Such 
nitrides may be associated with americium nitride as a 
promising path for the heterogeneous mode of ameri
cium burning in a fast reactor. Experimental confirma
tion of this conclusion, with a strong link to the fuel 
cycle aspects, will be the subject of future work. 

2 Fabrication of Nitride-Actinide Fuels 

The current activities, reported here, involve firstly the 
preparation of uranium plutonium nitride, and sec
ondly the incorporation of neptunium and americium 
into some of the gel nitride fuel at a later stage. The 
standard internal gelation methods are being applied 
to produce (U,Pu)N, (U,Pu,Np)N and (U,Pu,Am)N. 

The co-precipitation of metals as droplets re
quires nitrate solutions with rather high concentra
tions. The concentration of the initially diluted acid 
liquids reduces the nitrate content drastically. A 
vacuum distillation equipment is favoured for this 
process step, from which actinide solutions with a 
nitrate to metal ratio of four result. 

In the laboratories of P3I the separation of plu
tonium and americium is performed by anion ex
change of the plutonium hexanitrate complex that is 
formed in 7 molar nitric acid. Two columns, each with 
a volume of 1.5 litres of the Amberlite IRA 900 resin 
are available for batch separation of 100 g plutonium. 
The glove boxes have an extra shield of KYOWA-
glass of 1 mm lead equivalent. The separation unit 

holds also a distillation unit at normal pressure for the 
recycling of the nitric acid and the concentration of the 
americium containing waste. Work for the cleaning 
and recuperation of the americium has been initiated. 
Ion chromatography with Octyl(phenyl)-N,N-Diisobutyl 
Carbamoyl Methyl Phosphine Oxide (CMPO) sorted 
on a sterene resin has been selected 111] for future 
evaluation. Concentrated stable nitrate solutions need 
to be prepared and characterised for the co-
precipitation with other methods. 

2.1 Low Density Nitride 

The internal gelation process was utilised to convert 
the highly concentrated nitrate solution to dry oxide 
spheres with an intimate dispersion of carbon. A 
vibrated nozzle was operated at its optimal point of 
performance for maximal throughput and stability of 
the formed drops. The resulting size of the interme
diate product, spherica.l free flowing particles, was of 
the order of 0.7 millimetre. The residuals of the gela
tion, such as ammonia nitrate, urea, formaldehyde 
and hexamethylenetetramine were removed by 
washing in a vibrating bed column with counterflowing 
ammonia solution. For the removal of the bulk of the 
water, a rotary dryer was used and the spheres were 
conditioned for the carbothermic/nitridification process 
step via calcination in a static bed up to 500°C. 
Identical equipment was used for processing uranium 
and uranium plutonium mixtures. 

During the carbothermic reduction under nitrogen 
gas flow, the oxide spheres are converted to the 
nitride. Temperature, time and atmosphere, which 
means gas flow and composition of the reaction 
gases, may influence the nitride formation and the 
growth of the crystallites. The influence of these 
parameters was quantified by means of characterisa
tion tools such as the crushing strength, the chemical 
composition, the crystallite characteristics with lattice 
parameter and phase identification and the micro-
structure of the spheres with scanning electron micro
scope, porosity and surface area measurements. 

For microsphere pelletization the idea of weaken
ing the microstructure of spheres was followed in a 
series of tests with a phase formation UN-*U2N3-» 
UN. After completing the carbothermic reduction un
der nitrogen, the sintering temperature was reduced 
(110O-120O°C, 4 hours), and sesquinitride was 
formed. 

Considering the parameter study on uranium ni
tride, two series of uranium plutonium nitride with 
20 % plutonium were prepared. In each case, two dif
ferent thermal treatments were applied to evaluated 
products with various characteristics on their pressing 
behaviour. A typical structure of the spheres that re
sulted in good pellets is shown in Figure 1 and values 
for the chemical composition are given in Table 1. 
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Fig-1: Uranium plutonium nitride microspheres with 
(left: overview, right: detail of sphere centre) 

The following conclusions can be drawn: 

• The chemical composition is controlled by the ini
tial carbon content, by the reaction rate (which is 
controlled by temperature and C02 removal) and 
by the duration of the hydrogen treatment. There 
was no indication of inhomogeneous composition. 
Low residual carbon and oxygen contents were 
analysed in products w'rth prolonged thermal treat
ment. In the chemical reactor used with gas flow 
through the particle bed, a specific gas flow of 
11g-i-h» was found to be satisfactory. 

• The structural properties visible in the scanning 
electron microscope are homogeneous throughout 
the spheres and are influenced by the gas compo
sition of the reaction atmosphere, for example 
nitrogen with 7% hydrogen promotes the forma
tion of large grains in the same way as a prolonged 
thermal treatment of nitrogen reacted spheres. The 
pore size and the grain size averaged 1 u.m, with a 
range of 0.5 to 5 u,m. The mechanical proper
ties of the microspheres are characterised by the 
measurement of the crushing strength and the 
types of crushing such as "brittle" or "crunchy" de
rived from the point load displacement diagram. 
For material reacted in nitrogen-hydrogen a typical 
mean crushing strength of - 4 N/sphere for a 400 
u.m diameter sphere was measured, whereas the 
reaction in pure nitrogen even with prolonged 

porous structure and a grain size of 1-2 micrometers 

thermal treatment resulted in a 20-30% lower 
strength. Long thermal treatment, formation of 
sesquinitride and low oxygen content reduce the 
crushing strength and promote the formation of 
poorly interlinked grain structure. The lowest 
strength (in the order of 1 N/sphere and with a 
crunchy crushing) was associated with spheres 
with large grains and small necks between the 
grains. 

• Uranium plutonium nitride spheres could be pre
pared in the same way as uranium nitride with a 
tendency to larger grain size with comparable 
thermal treatments. No losses of plutonium could 
be analysed and the formation of solid solution 
was. found at low temperature immediately after 
completion of the carbothermic reduction and 
transformation to the nitride. 

2.2 Pelletization of Low Density Spheres 

Following the fabrication, by PSI, of low density micro
spheres, pelletizing tests of these materials have 
been carried out by the CEA. Several batches of 
microspheres, having different mechanical properties, 
typically between 1 N/sphere and 4 N/sphere for their 
mean crushing strengths, have been cold pressed 
with a single punch double action hydraulic press. 



FABRICATION of SPHERES 
• Thermal treatment 

Timeat1550°C 
Time at 1200°C 
Time at 1550°C 

• Atmosphere 
Start gas 
1. Change of gas at 1150°C 
spec, gas flow 
2. Change to N2-5%H2 at 

spec, gas flow 
Cooling 

ANALYSES 
• chem. analyses 

Oxygen content 

Carbon content 
Nitrogen content 

Pu content 
Composition calc. 

XRD lattice parameter 
Grain size (SEM) 
Crushing strength 

FABRICATION of PELLETS 
Pelletizing pressure 
green density 
Sintering 

PELLET ANALYSES 
• Chem. analyses 

Oxygen content 
Carbon content 
Nitrogen content 

• Density 
geometric (%TD) 
hydrostatic (%TD) 

Open porosity 

N-000-007-687 

8 hours 
-
-

1.3l-h"1-g-1 

0.4% CO-Exhaust 

1.3 Mr1-g-1 

1290±30 ppm 
3509±40 ppm 
5.36±0.04 % 

-

U(N.93C.o7) 
a = 0.48945±4 nm 

not det. 
3.2±0.6 N/sphere 

900 MPa 
66.6 % TD 

N-000-007-696 

10.9 hours 
-
-

N-000-007-698 

10.7 hours 
4 hours 
15 min. 

Argon 
to Nitrogen 

1.2l-h"1-g-1 

0.02% CO-Exhaust 

1.3l-h"1-g-1 

1.2 Mr1-g"1 

0.14% CO-Exhaust 

1.3 Ih-'-g-1 

in vacuum 

1040±20ppm 
4076±39 ppm 
5.64±0.05 % 

-

UtNtfcCoe) 
a = 0.48963±4 nm 

not det. 
3.3±0.7 N/sphere 

900 MPa 
67.7% TD 

750±20 ppm 
3078±47 ppm 
5.55±0.08 % 

-
U(N.94C.08) 

a = 0.48939±3 nm 
1-2u.m 

3.2±1.0 N/sphere 

900 MPa 
67.7% TD 

N-20P-007-741 

15 hours 
-
-

l.7l-h"1-g"1 

0.2% CO-Exhaust 

1.5l-h"1-g-1 

3200±70D ppm 
1200±100ppm 
5.58±0.05 % 
18.73±0.04% 

(U,Pu)(N.97Co3) 

a = 0.48912±3nm 
2-5 urn 
not det. 

900 MPa 
67.5 % TD 

at 1700 °C for 16.5 hours in nitrogen / 6 % hydrogen 

820 ppm 

11.7g/cm3(81.6%) 
13.5g/cm3 

(94.2%) 
9.1 TD% 

680 ppm 

11.8 g/cm3 (82.1%) 
13.6 g/cm3 (94.9%) 

11.9TD% 

770 ppm 

12.0 g/cm3 (83.7%) 
not det. 

not det. 

7780±430 ppm 
130±40ppm 

5.636±0.024 % 

12.6 g/cm3 (87.2%) 
13.5 g/cm3 (94.9%) 

5.9 TD% 

TD = theoretical density 

Table 1 : Fabrication data, chemical composition, densities and grain size of spheres and pellets 

Pressing and sintering processes are similar to 
those used for the dry route nitride powder. Process 
data and main results are reported in Table 1. The 
geometrical densities of the sintered pellets are 
among 11.5 and 12.5 g/cm3 depending upon the 
green densities of between 8.4 and 9.4 g/cm3, which 
correspond to the usual values for dry route pellets. A 
high pelletizing pressure (900 MPa) was necessary to 
obtain sufficient green densities, which confirms the 
relatively poor compressibility of nitride powders. 

The sintering of pelletised spheres leads to a 
maximum density of 12.6 g/cm3 or 87.2 % of theoreti
cal density, which is a suitable value for an in-pile test 
of these nitride fuels. Nevertheless, the open porosity 
of the pellets remains important (around 10 % of theo
retical density) due to the, well-known, rather low, sur
face sintering activity of the nitrides. This result is 
clearly demonstrated on the microstructure of the wet 

route pellets shown in Figure 2; the structure of the 
initial spheres is still visible with a rather high con
nected macroporosity. A possible correlation between 
the sinterability of the spheres and their values of 
crushing strengths remains. The grain size observed 
on the etched pellets is between 5 and 8 u. compared 
with 1 urn for the "green" solgel spheres, which indi
cates that a further sintering occurs in the bulk of the 
spheres, but with a low densification between the 
spheres. The same behaviour, but less pronounced, 
is also obtained with the dry route nitride powder. 
Finally, the oxygen concentrations in the pellets are 
lower (Table 1) than the residual values measured in 
the spheres, which confirms the improved sintering by 
nitrogen/hydrogen atmosphere for the completion of 
the nitridification [12]. The final values are less than 
0.08 wt % (except N-20P-007-741) which is a suitable 
concentration for an in-pile test of these fuels. 
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Fig. 2: Microstructure of about a quarter of a uranium 
plutonium nitride pellet 

2.3 High Density Nitride Spheres 

Carbothermic reduction of uranium plutonium oxide 
spheres with dispersed carbon in a nitrogen atmos
phere yields a porous nitride structure, which reaches 
densities of less than 70 % of the theoretical density. 
This value agrees with the range of 67-73 % given for 
the direct pressing method developed by the EITE 
[13]. The formation of an intermediate oxycarbide to a 
degree that allows the nitridification and further den-
sification of the spheres to densities of greater than 
90 % of the matrix density is needed. The fabrication 
of high density spheres with diameters in the range of 
80 to 800 um can be performed in one single thermal 
treatment with a change of the reaction atmosphere 
from argon with 7 % hydrogen to nitrogen with 7 % 
hydrogen at the appropriate temperature. The control 
of a still open structure by means of the stabilisation 
of the CO-effluent and the intermediate formation of 
some sesquinitride helps to complete the reaction, 
which is indicated by a low oxygen content of the 
product. The measured values for uranium and ura
nium plutonium nitride were in the range of 0.1 to 
0.2 % weight with residual carbon content levels of 
the order of 0.3 to 0.6 % weight (typical values are 
given in Table 2). 

3 Preparation of Uranium Plutonium 
Oxide 

In a series of tests on the scrap recycling of uranium 
plutonium carbide microspheres, the anion exchange 
columns for plutonium purification were evaluated for 
the partitioning of uranium and plutonium. The pluto
nium enriched purified nitrate solutions were concen
trated by vacuum distillation, mixed with fresh uranium 
nitrate solution of high concentration, and adjusted 
with water and ammonia to the specific parameters of 
feed solutions for internal gelation. The concentration 
of plutonium was varied in the range from 5 to 25 %. 
After co-precipitation by gelation the solid spheres 
were washed and dried. The oxide particles were then 
calcined at 500°C for 2 hours in argon, reduced to 
(U,Pu)Oz at 800°C in argon with 8 % hydrogen and 
sintered to high density in argon at 1600°C for 

4 hours. Spheres with diameters of 800 u.m and 350 u. 
m and densities of < 96 % of the theoretical density 
were obtained. A compilation of the characterisation 
results is given in Table 3. The homogeneity was 
evaluated with X-ray diffraction, where a single phase 
material was identified, and with quantitative meas
urements on the electron microprobe, which gave no 
indications of any inhomogeneity. 
Highly concentrated, nitrate solutions with up to 65 % 
at. plutonium have recently been gelled. After the 
sintering of co-precipitated oxides in the form of 
microspheres for only four hours at 1600°C a product 
was obtained with an x-ray pattern of single phased 
(uo.55Puo.45)°2- T n i s successful preparation gives 
confidence in the capability of the internal gelation 
process to contribute to the further development of 
this new fuel. 

4 Fabrication of Inert Matrices 

In a more advanced concept, a fuel form has 
been proposed which could allow a more effective 
actinide transmutation rate in which high contents of 
actinides may be incorporated into a fuel target with
out the presence of uranium. This uranium-free, or 
"inert matrix" target material therefore avoids the pro
duction of quantities of fresh actinides during the 
transmutation process. The choice of the appropriate 
material will be based on the neutronic behaviour, the 
material properties under irradiation and the feasibility 
to fabricate the fuel form. The development of the co-
precipitation of compounds like zirconium and mag
nesium has now begun at.PSI, initially using uranium 
or cerium as a simulation of the actinide addition. In 
collaboration with JAERI, production of materials with 
10, 25, 50 and 75% zirconium in a Zr-U-Oz matrix has 
been demonstrated. More recently [14] carbon black 
has also been introduced into the gelation solution 
and the gelled microspheres were carbothermically 
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Material 

FABRICATION 
Thermal treatment 
Heating rate 
CO-Content in exhaust 
Time at 1750°C 
Time at 1200°C 
Time at 1750°C 

• Atmosphere 
Start gas 
1. Change of gas at 

spec, gas flow 
2. Change of gas 

Cooling 

ANALYSES 
• Chem. Analyses 

O-Content 

C-Content 
N-Content 

Composition calc. 
Lattice parameter Me(N1.xCx) 

• Density 
pyknometric (%TD) 
geometric (%TD) 
Sphere diameter 

UN 
large spheres 

N-000-007-614 
in a 

1050°C/h 
not stabilised 
for 6 hours 

10OOFCtoNk-7%H, 

0.3 I h-1-g"1 

in vacuum 

668±98 ppm 

2032±62 ppm 
5.65±0.04 % 

U(N.95C05) 

a=0.48914±10 nm 

13.93g/cm3(97.3%) 
9.2 g/cm3 (64.2%) 

~ 930 urn 

UN 
small spheres 

UN 
large spheres 

N-000-007-737 N-000-007-723 
crucible with gas flow through the particle 

350°C/h 350°C/h 
stabilised at 5 % stabilised at 5 % 

2 min. 5 min. 
for 4 hours for 4 hours 
20 hours for 20 hours 

Argon - 7 % Hydrogen 
1700f:CtoN2-7%H2 1700FCto^-7%H2 

2.4 |.h"1-g"1 1.7l-h-1-g-1 

after 16h after 16h 
at1750°C at1750°C 

in Ar-7% H2 in Ar-7% H2 

326±95 ppm 

24751247 ppm 
5.5310.02 % 

U(N.95C.o5) 
a=0.48935+12nm 

13.93g/cm3(97.3%) 
not det. 
- 7 0 urn 

1082128 ppm 

0.5210.01 % 
5.1810.06% 

U(N.9oC.io) 
a=0.49013i40nm 

13.13g/cm3(92.4%) 
13.1 g/cm3 (92.3%) 

-815 urn 

(U,Pu)N 
large spheres 

N-20P-007-730 
bed 

350°C/h 
stabilised at 5 % 

5 min. 
for 8 hours 

for 20 hours 

17irjFCtoN2-7%42 

2.2 I-h"1-g-1 

after 16h 
at1750°C 

in Ar-7% H2 

22831226 ppm 

0.6910.02 % 
4.93+0.08 % 

(U,Pu)(N.86C14) 
a=0.49031+43 nm 

13.05g/cm3(92.1%) 
12.8 g/cm3 (90.3%) 

-815 um 

Table 2: Dense and porous uranium and uranium/20% plutonium nitride spheres of different size for sphere pac 
application 

FABRICATION of SPHERES 
• Calcination 

Heating rate 
Temperature/Time 
Atmosphere 

• Sintering 
Heating rate 
Temperature/Time 
Atmosphere 

ANALYSES 
• Chem. Analyses 

Plutonium 
Oxygen/Me [mol/mol] 

• XRD 
Lattice parameter (UPu)09 nn 
Secondary phase 

• Density 
pyknometric 
of theoretical density 
geometric 
Sphere diameter 

O-10P-007-604 

1600°C/4h 

8.7710.01 % wt. 
2.00010.003 

a=0.54661i7nm 

(UPu)02+x 

10.63 g/cm3 

96.6% 
10.7 g/cm3 

-850 urn 

O-20P-007-605 

500°C/h 
800°C for 4 hours 

Argon 7% Hydrogen 

500°C/h 
1600°C/4h 

Argon 

17.2210.03 %wt. 
1.99210.006 

a=0.54562!39 nm 

none 

10.92 g/cm3 

98.7% 
not det. 

-320 u.m 

O-25P-007-607 

1450°C/4h 

21.5710.05 %Wt. 
1.998+0.005 

a=0.5458918 nm 

none 

10.89 g/cm3 

98.2% 
not det. 

-320 u.m 

Errors of the means are given as standard deviation. 

Table 3: Chemical composition of dense,uranium oxide spheres 
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reduced in a nitrogen atmosphere at 1650 CC to the 
nitride form (ZrUzUz){N^xCx) with z = 0.15 - 0.5 and x 
= 0.1 — 0.2. It will soon be possible to convert this 
carbonitride into the pure nitride form with optimised 
sintering parameters. The work indicates the 
advantages of processing by co-precipitation in the 
fabrication of Zr-U-N as shown by Kouhsen [15]. 

In a similar way-zirconium cerium oxides in a 
range up to 33% cerium have been prepared. 

According to the known phase diagram, the ce
ramic spheres were found to consist of a cubic 
(Ceo.75Zro.25)°2 a n d a tetragonal phase (Zr0 ̂ Ce,, 16)02 
but in a very intimate mixture on a submicron scale. 

First attempts to prepare (Ce07U03)O2 - Uranium 
being an instant material for plutonium - have recently 
begun. 

As a further example, yttrium aluminium nitrate 
solutions were co-precipitated and ultimately sintered 
at 160O°C. In this case yttrium alumina garnet (YAG) 
and an alumina as second phase were identified, 
since the stoichiometry for the YAG was not adjusted. 

Similar results were obtained also with the co-
precipitation of magnesium and aluminium nitrate 
solutions. The resulting spinell is an inert matrix can
didate for the irradiation of Americium. At the moment, 
XRD still reveals an alumina phase besides the spinell 
phase. 

Analyses are under way to characterise the com
pounds and to optimise the processes. Later, it is in
tended to prepare fuel for pellets or particle pins, and 
to carry out irradiation testing with the French partners 
to prove the in-reactor materials behaviour and to 
allow detailed physics measurements of transmutation 
rates. An important feature of all these developments 
will be the matching of the feed solutions for gelation 
to the process flow-sheets being developed in France 
for an efficient partitioning of the initial actinides, and 
the evaluation of process steps, which lead to the 
reprocessing of the actinides in the PUREX-Process. 

For the purpose of evaluating the behaviour of 
inert matrices under irradiation conditions, a series of 
oxides and nitrides were placed into the French 
PHENIX reactor in autumn 1994. One of the seg
ments contains titanium nitride (TIN) pellets, prepared 
by PSI by compacting TiN powder and by sintering at 
1750 °C for 16 hours. A geometrical density of 82.2 % 
of theoretical density was found [16]. This and all 
other requested parameters fitted the specifications 
fixed for tiie irradiation experiment. 

5 Conclusions 

Both fabrication routes, the sphere-pellet and the 
sphere-pac, result in a product with homogeneous 
distribution of the actinides in the matrix that promises 
an optimal irradiation behaviour. Uranium plutonium 
nitrides and uranium plutonium oxides as dense 
spheres or uranium plutonium nitrides as low density 

pellets have been prepared and characterised in de
tail. 

The nitride material as fuel or carrier material can 
be produced by co-conversion in particle form and can 
be pressed into pellets of 80% of theoretical density. 
Nitrides of americium may be attractive transmutation 
materials that need to be evaluated. 

Complete solid solution of 25% plutonium in ura
nium plutonium oxide in large microspheres has been 
proved, whereas concentrations up to 50% need to be 
demonstrated for plutonium burning in a fast reactor. 

The direct conversion of the nitrate solutions to 
particles reduces the number of process steps and 
makes use of the advantages of the wet chemistry 
versus mechanical powder processing. 
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First Approach for the Determination of J-lntegral R-Curves on 
Charpy V-Notch Specimens 

K. Krompholz and G. Ullrich 

Laboratory for Materials and Nuclear Processes 

ABSTRACT 

As part of the pressure vessel surveillance pro
grammes of Swiss nuclear power stations, pre-
fatigued, charpy V-notch specimens are currently 
under irradiation exposure. However, as there is still 
no consensus as to the correct evaluation procedure 
for such tests, the conclusions which can be drawn 
from the results are somewhat limited. This work 
deals with the alternative possibility of performing the 
experiments in the same manner as for large, three-
point bend-type specimens. The procedure is based 
upon the proposal of J.R. Rice, which claims that the 
J-integral is a characteristic value of the material and 
independent of specimen geometry. If this is the case, 
then it can be concluded that the specimen size does 
not play a role in the physical initiation of the propaga
tion of an existing flaw. Exceptions to this rule are only 
expected in the case of a moving crack. It is shown 
that the results of the application of this procedure are 
promising. 

1 Introduction 

In the field of material failure research, especially with 
respect to nuclear power plants, there is an increasing 
demand for models to describe the movement of 
cracks and flaws in structural components. In addition 
to routine weld checks, fractures within the compo
nents themselves should be considered and the 
development of new, more reliable predictive methods 
is therefore important. 

Within the reactor pressure vessel are capsules 
containing normal and pre-fatigued charpy V-notch 
specimens, which embrittle under irradiation. Speci
mens are removed from time to time and the degree 
of embrittlement is measured by a temperature 
dependent impact toughness test. Although this 
method is well established, a consideration of the 
factors influencing the material behaviour (e.g. wall 
thickness, resistance, chemical composition, stresses, 
working stresses, pre-damages) shows that a know
ledge of the impact toughness alone is insufficient. 

A further objection to the assessment of materi
als via the impact toughness test is that the values 
obtained by this method do not deliver the parameters 
required for a full analysis of allowed stresses and 
flaw sizes in a component of interest. Of course, the 

greater the sensitivity of the applied non-destructive 
test method, the less emphasis is placed upon in
creased engineering margins and thus costs. 

When estimating the properties of a structure it 
must be considered that flaws could be present. The 
constant demand for higher allowable stresses brings 
a dilemma: The higher the tensile and yield strengths 
of a material, the more damaging cracks in that mate
rial are with respect to the static strength of the 
structure. 

From the above discussion, the question arises 
as to whether an additional fracture-mechanical con
sideration would improve the prediction of the behav
iour of such structures. One of the parameters which 
can be considered is the J-integral; which is defined 
as the energy needed to open a crack across a cer
tain length. It is generally desirable that the specimen 
size for such tests should be as small as possible and 
this is especially important with respect to reactor 
pressure vessel surveillance programs. This report 
therefore deals with the possibility of performing J-
integral testing on charpy impact specimens. 

2 Experimental Procedure 

The material under investigation was the reactor 
pressure vessel base material A533B1. The notch 
direction in the samples was parallel to the rolling 
direction, i.e. T-L according to the ASTM standard [1]. 
The different specimen types investigated are pre
sented in Fig. 1. 

The specimens were prefatigued, in compres
sion, on an electromechanical, high-frequency pulsa-
tor, type HFP 5000, manufactured by Roell and 
Korthaus, Amsler, Merishausen, Switzerland. This 
procedure generates highly reproducible fatigue crack 
lengths. The experimental determination of the J-inte
gral value and the J-integral resistance curves was 
performed according to ASTM standards and pro
posals [2-4]. The specimens were monotonically 
loaded up to a maximum load point deflection, which 
was different for each of the different types of 
specimen. The specimens were then unloaded and 
heated to about 673 K (400 °C) 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 tech-
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(charpy impact) specimen size: 
s = 40 mm, 
w = 10 mm, 
B = 10mm, 
s = 4 w. 

Fig. 1 : Three-point bend-type specimens under investigation in this work 
(dimensions in mm, w: specimen width, B: specimen thickness, s: span) 

nique was applied, which is described in detail else
where [5,6]. All the tests discussed here were under
taken at room temperature. 

3 Reduction of Data 

After heat-tinting a final fracture, the length of the 
fatigue crack a0 and the final crack length af obtained 
in the J-integral test were measured directly from the 
crack surface according to: 

< a > = -
1 \a0+a11 

10 

10 

i=1 
0) 

where a<? and an are the crack extensions at the 
surface of the specimen and a,- characterizes the 
amount of crack extension in evenly spaced 
measurement points from one side to the other, 
across the crack front. 

By measuring Uo (potential drop due to the 
fatigue crack) and Uf (potential drop at the end of the 
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J-integral test), the actual crack extension was ob
tained from: 

a,-a 
uf-u0 

(2) 

where a-, is the crack length of the running crack and 
Uj is the corresponding potential drop. The J-integral 
values are obtained according to E813-87 [2]. 

4 Experimental Results 

Test results were obtained for three different cross 
sections of three-point bend-type specimens, see 
Fig. 1 : 12.5x25 mm, 12.5x12.5 mm and 5x10 mm 
respectively, (a/w =0.5). Typical load versus load-
point displacement curves and potential drop values 
versus load-point displacement curves are shown in 
Figs. 2 and 3. The J-integral R-curves for the three 
different specimen sizes are presented in Fig. 4. 

5 Discussion of the Results 
From the deviation of the potential drop from the initial 
linearity in Figs. 2 and 3, the respective point of the 
onset of stable crack growth was determined in the 
load versus load-point displacement diagrams. The 
corresponding J-integral R-curves (examples can be 
seen in Fig. 4) were determined with three specimens 
of each specimen size. The narrow scatter-band, 
which was observed in all cases, proves the excellent 
reproducibility of the experimental technique. 

For the complete set of different specimens the 
following value was obtained 

<Ji> = 201 kJ-m-2 

with a standard deviation of 

Sj = ±9kJ-m-2. 

Looking at the specimen results in Rg. 4, the 
expected geometrical independence of the onset of 
stable crack growth is observed. This has already 
been shown elsewhere [7]. In all cases, the slope of 
the J-integral R-curves in the regime of stable crack 
growth for specimens with B:w = 1:2 are steeper than 
those with B:w =1:1. The lowest slope is found for the 
charpy impact specimen size, as can be seen in 
Fig. 4. The J-integral values denoted here by Jj fall 
within the scatter-band which was published earlier for 
this type of material [8]. In earlier "round-robin" tests 
on compact tension specimens at 422 k (149 °C) a 
value of 

Jic = 266 kJ-m-2 

with a standard deviation of 

Sj = ±17.4kJ-m-2 

was measured [9]. 

If the arguments of J.R.Rice [10,11] and 
G.P Cherepanov [12] are valid, the measured value 
for the physical onset of stable crack growth should 
not depend on specimen size. The only dependence 
should be found in the tearing modulus, i.e. in the 
regime of stable crack growth of the J-integral R-curve 

Point of Initiation 

P/kN io-• 
P /kN 
U/>lV 

0.O 0.S 1.0 1.0 2.0 2.B 3 .0 3 . 0 4 . 0 4.B S.O 0 . 0 B.O B.B 7 . 0 7.B B.O 

VLL/mm 

Fig. 2 : Load versus load-point displacement Vu. and potential drop U versus the 
loaded point displacement for the specimen b (25x12.5x110) mm, see Fig. 1. 
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Fig. 3: Load versus load point displacement V^ and potential drop U versus the 
load point displacement for the specimen c (10x10x55) mm, See Fig. 1. 

J/kJ/m"2 

• •-A-

Specimen No. 
J /kJ /nT2 
10x10x40 

;Specimen No. 
J /kJ /nT2 
25x25x100 
Specimen No. 
J /kJ/m"2 
25X12.5X100 

6 1 

66 

Da/mm 

Fig. 4: J-integral R-curves for all the specimens under investigation. 
From a narrow scatter-band of the plot of J-integral (J/kJ-m-2) versus crack extension (Aa/mm), the curves 
diverge in the regime of stable crack growth. The upper curve is for the specimen size 25x12.5x110 mm, 
the middle is for 25x25x110 mm and at the bottom the specimen size 10x10x55 mm can be found. 
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for a moving crack; the theory postulates geometrical 
independence of the onset of stable crack growth, are 
not independent of the specimen size and geometry. 
The reason for this is that these values are taken 
within the regime of the J-integral R-curves, in which 
stable crack growth already occurs. This can be found 
in the chosen designations as J 0 i 2 [4,14] or Jic [2], 
i.e. where at least 0.2 mm stable crack growth can be 
observed [13]. If a physical value of initiation is 
determined, which deviates from J0>2 and Jic, this 
value describes the physical process of the onset of 
stable crack growth along the whole crack tip, a pro
cess which is not considered in this work. In this 
regard, the opinion of the M PA Stuttgart [13] is sup
ported by the authors of this contribution. A very good 
indication of the correctness of this statement is the 
Jj-value for the very small, three-point bend-type 
specimen of charpy impact size which is within the 
scatter-band of the Jj-value found for the larger 
specimens with the same test method. 

6 Conclusion 

In this contribution it was shown, on selected exam
ples, that even for the small, three-point bend-type 
specimens without side grooves the same J, value is 
obtained compared with the larger ones. This program 
should be extended to higher and lower temperatures 
to assess the values of Jj in parallel to the well known 
impact values from the normal charpy impact tests. 

A selection of the specimens considered here are 
currently under irradiation in a Swiss nuclear power 
station. These are the specimens 25x25x110 mm and 
10x10x55 mm with a fatigue crack for J-integral test
ing and instrumented impact testing. 

It should be mentioned that this is the first inves
tigation on such small specimens with respect to J-
integral testing under the application of the d.c. poten
tial drop technique. 
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Modelling In Situ Porewater Chemistries for Low Permeability 
Palfris Marl 

B. Baeyens and M. H. Bradbury 

Laboratory for Waste Management 

ABSTRACT 2 Mineralogy of Sample SB1-535.83 

in a region of the Palfris marl formation at Wellenberg, 
foreseen as the location for a low and intermediate 
level radioactive waste repository, the groundwater 
flow rates are so low that reliable water samples for 
chemical analysis could not be collected. Since the 
groundwater chemistry is an important basic data set 
in performance assessment, a physico-chemical 
characterisation procedure for determining porewater 
compositions was developed and applied to a Palfris 
marl sample. The laboratory measurements, coupled 
with geochemical modelling, yielded a Na-Cl type 
porewater with an ionic strength of- 0.1M. In addition, 
a matrix marl porosity of- 1.5% was deduced using 
the chloride concentration in the calculated porewater 
and measurements on the chloride content of the 
marl. 

1 Introduction 

Nagra has selected Wellenberg (Gemeinde Wolfen
schiessen, NW) as a repository site for short-lived 
low- and medium-level radioactive waste. The current 
proposal is to construct the repository in a region of 
the Palfris marl formation where groundwater flow 
rates are very low. The hydraulic conductivity in these 
selected regions is so low that reliable water samples 
for chemical analysis could not be collected during the 
last drilling campaign [1]. The groundwater chemistry 
in the host rock formation surrounding the repository 
constitutes an important basic data set in safety 
analysis studies. Since this information could not be 
obtained from in situ water sampling campaigns and 
since it was necessary to close this gap in our know
ledge of the geochemical conditions at Wellenberg, a 
laboratory study was undertaken to deduce an in situ 
porewater composition. 

A physico-chemical characterisation procedure 
for determining porewater chemistries in argillaceous 
rocks has been developed [2]. The principle lying be
hind the method is that the cation occupancies on the 
clay minerals act as a fingerprint for the last solution 
composition with which they were in equilibrium. If the 
cation occupancies on undisturbed argillaceous rock 
samples can be determined, then the way is open to 
calculate the equilibrium porewater composition. 

The shaly marl samples used in these experiments 
were taken from cores of unfractured matrix rock, 
obtained away from water-conducting features in the 
Palfris formation at Wellenberg. The borehole SB1 
was drilled at Wellenberg in March 1991 and a sample 
taken at a depth of 535.83 m below the surface (SB1-
535.83) was provided in the form of a ball milled 
whole rock powder (particle size < 63 urn) by Dr. M. 
Mazurek, University of Bern, in April 1994. During the 
interval between these two dates, no special precau
tions regarding storage were taken other than that the 
whole cores were kept under dry conditions. The min-
eralogical composition of the sample obtained from X-
ray-diffraction data and coulomat measurements is 
given in Table 1. 

Mineral 
Calcite 
Dolomite/ankerite 
Quartz 
K-feldspars 
Albite 
Pyrite 
Organic carbon 
Sheet silicates: 
lllite 
lllite/smectite mixed layers 
Chlorite 

Weight % 
40 
5 
9 

<1 
<1 
1.5 
1.0 

18 
15 
10 

Table 1: Mineralogical composition of marl sample 
SB1-535.83 

3 Brief Overview of the Experimental 
Method 

Basically, two types of ion extraction experiments 
were performed. The first consisted of aqueous 
extraction, in which crushed rock samples were con
tacted with de-ionised water at a series of high solid to 
liquid (S:L) ratios and allowed to equilibrate. After 
phase separation by ultra-centrifugation, the super
natant solutions were analysed. These experiments 
enabled the quantification of the amounts of soluble 
salts (if any) present in the marl, and the determina-
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tion of which mineral phases contribute significantly to 
the composition of the aqueous phase. 

A second series of extractions in nickelethyle-
nediamine (Ni-en) solutions were carried out in an 
analogous manner. Ni-en is a powerful, highly selec
tive complex which displaces all exchangeable cations 
from the clay minerals into solution [4] and was cho
sen in preference to other highly selective complexes 
for the reasons given in [2]. These experiments pro
vide cation exchange capacity and cation occupancy 
data for the marl which, in combination with the aque
ous extraction data, allowed selectivity coefficients 
(see section 9) to be calculated. All the data required 
to calculate an in situ porewater composition were 
provided by these two sets of extraction experiments. 

4 Aqueous Extract Results 

Aqueous extraction experiments were carried out in 
duplicate for time intervals of 1, 3, 7 and 28 days. 
There were no significant kinetic effects with respect 
to the measured ion concentrations and constant val
ues were reached after one day. Consequently, for 
each S:L ratio, the duplicate measurements over the 
four time intervals were averaged and these data are 
given in Table 2 together with their standard deviation 
(s dev.). The data is expressed in an équivalant con
centration scale (meq L"1). The ion balances at the 
different S:L ratios are better than ±2%. 

It is interesting to note that the water generated 
in these aqueous extraction experiments is essentially 
a low ionic strength Na-HCC-3 type water; see Table 
2. In systems containing calcite and clay minerals with 
significant Na occupancies, this will always be so. 

Such a water results as a consequence of equilibrat
ing marl with relatively large volumes of water 
(compared with the porewater volume) and the sub
sequent mineral dissolution/cation exchange reactions 
which take place [5]. As will be shown later, the 
composition of the aqueous extracts have little or 
nothing to do with the actual porewater composition. 

5 Speciation Calculations 

The chemical speciation in the four aqueous extract 
solutions (Table 2) was calculated using the geo-
chemical equilibrium code PHREEQE [6] and the 
thermodynamic data base compiled in [7]. The aim of 
such calculations was to check the consistency of the 
analyses and to calculate saturation indices1 (SI) of 
minerals which could be present in the system. The 
conclusion from these model calculations was that the 
interstitial porewater solution in marl will be saturated 
with respect to calcite (CaCOs), dolomite (Ca.Mg 
(C03)2) and fluorite (CaF2). 

6 Chloride Aqueous Extraction Data 

Chloride aqueous extraction data are important be
cause they can be used in conjunction with the de
rived porewater composition to estimate the in situ po
rosity of matrix marl, as will be shown in section 11. 

Since all chloride salts are highly soluble, the 
source of chloride in the aqueous extracts can only be 
the original porewater in the marl. Therefore, a one to 
one correspondence between CI" concentration and 
dilution at the different S:L ratios would be expected. 

Element 

Na 
K 

Mg 
Ca 
Sr 

S Cations 
F" 
ci-

SC-2-

Alkalinity 
X Anions 

PH 

Mean (s dev.) 
S:L = 500 q L"1 

7.5 (0.3) 
0.18 (0.02) 

0.025 (0.005) 
0.073 (0.01) 

0.003 (0.0005) 
7.8 (0.3) 

0.61 (0.02) 
0.35 (0.03) 

1.12 (0.08) 

5.66 (0.09) 
7.7 (0.2) 

9.32 (0.13) 

Mean (s dev.) 
S:L = 750 g L-1 

9.1 (0.3) 
0.20 (0.01) 

0.031 (0.004) 
0.083 (0.008) 

0.003 (0.0005) 
9.4 (0.3) 

0.74 (0.03) 
0.51 (0.03) 

1.64 (0.06) 

6.45 (0.12) 
9.3 (0.2) 

9.18 (0.13) 

Mean (s dev.) 
S:L =1000 g L"1 

10.6 (0.3) 
0.22 (0.02) 

0.038 (0.007) 
0.094 (0.009) 

0.004 (0.0005) 
11.0 (0.3) 

0.82 (0.02) 
0.68 (0.06) 

2.21 (0.12) 

7.07 (0.19) 
10.8 (0.4) 

9.07 (0.14) 

Mean (s dev.) 
S:L = 2000q L"1 

14.7 (0.8) 
0.28 (0.03) 

0.059 (0.008) 
0.125 (0.010) 

0.007 (0.0005) 
15.2 (0.8) 

0.96 (0.04) 
1.40 (0.11) 

4.30 (0.21) 

8.27 (0.30) 
14.9 (0.66) 
8.83 (0.15) 

Table 2: Mean ion concentrations (meq L"1) in aqueous extracts of marl after equilibration at different (high) solid 
to liquid ratios 

l SI = log(IAP) - logKS0, where IAP is the ion activity product and 
Kso the solubility product 
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This 1:1 correspondence is indeed observed, and 
is illustrated in Rgure 1. From the values given in 
Table 2 the quantities of chloride extracted at each 
solid to liquid ratio can be calculated. To within a very 
small error, the values, expressed in meq kg"1, are 
independent of the S:L ratio. The mean value, derived 
from 32 individual measurements, was 6.9 ± 0.5 x 
10"4 mol kg"1. These results are consistent with the 
chloride values reported in [8]. 
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1: Chloride concentrations measured in the 
aqueous extracts (mean values from 
Table 2) as a function of S:L ratio 

7 Sulphate Extraction Data 

If the sulphate data given in Table 2 are treated in a 
similar manner to chloride it can readily be shown that 
the SO|- concentrations in the aqueous extracts are 
also linearly dependent on the S:L ratio, i.e. dilution, 
and are consistent with a SO|~ content in the marl of 
2.2 ±0.1 meqkg-"1. 

The question then arises as to whether the origin 
of this SO|- is a mineral phase, such as celestite or 
gypsum, or whether it is present due to pyrite oxida
tion occurring during the preparation of the marl sam
ples. Unfortunately, on the basis of the evidence 
available from this study alone, we cannot differentiate 
between these two possibilities. In the latter case, for 
an undisturbed matrix marl, we would expect to find 
no sulphate in the porewater, whereas in the former 
case, the sulphate concentration would be high, 
reflecting saturation with gypsum/celestite. However, 
a long-term, down-hole water sampling campaign in 
the SB6 borehole indicated that no SO|- is present in 
the in situ groundwater [9]. Although the available 
evidence is inconclusive, it is suggesting strongly that 
pyrite oxidation is the sole source of the SO|-
measured in the aqueous extraction experiments. Our 
conclusion is that SO^-is not likely to be present in 
marl porewaters under the reducing conditions 
prevailing in an undisturbed marl formation. 

8 Displaced Cations in Ni-en Extraction 
Tests and Ion Occupancies on Marl 

Ni-en extractions were carried out in duplicate at high 
S:L ratios similar to those of the aqueous extractions 
tests, but were only shaken for one day. The results 
of these measurements are presented in Table 3. 

The mean values for the displaced cations (in 
meq kg*1) in Table 3 are equal to the cation occu
pancies on the marl. Before proceeding further, it is 
interesting to consider why the high S:L ratio extrac
tions should provide directly the required data. When 
the Ni-en solution contacts the marl, the cations on 
the clay mineral components are almost immediately 
displaced into solution [10]. This cation displacement 
process is much more rapid than solid phase dissolu
tion reactions, see for example [11]. Consequently, 
dissolution takes place against a background of 

S:L ratio 
(gram litre"1) 

2000 

1000 

750 

500 

Mean 
(s dev.) 

Na 

40.9 
40.9 
41.5 
42.6 
42.3 
40.9 
41.3 
42.2 
41.6 
(0.7) 

K 

3.9 
3.8 
4.5 
4.8 
4.6 
4.8 
5.2 
4.9 
4.6 

(0.5) 

Mg 

3.2 
3.3 
3.5 
3.4 
3.4 
3.4 
3.4 
3.4 
3.4 
(0.1) 

Ca 

10.0 
9.4 
10.0 
9.8 
9.9 
9.9 
10.1 
9.9 
9.9 

(0.2) 

Sr 

0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
(0.1) 

SUM 
Cations 

59 
58 
60 
62 
61 
60 
61 
61 
60 

(1) 

Table 3: Quantities of cations (in meq kg"1) displaced from marl sample SB1-535.83 in Ni-en extraction tests at 
different S:L ratios 
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cation concentrations generated by displacement from 
the clay minerals and these concentrations will 
depend mainly on the S:L ratio (the higher the S:L 
ratio, the higher the background concentrations of the 
displaced cations). 

The consequence of this is that the contribution 
of cations from dissolving solids to their total concen
trations will tend to decrease as the S:L ratio 
increases because of the common ion effect on the 
solid phase solubility. In other words, at low S:L ratios 
the contribution of sparingly soluble solids such as 
calcite, dolomite/ankerite, to the total concentrations 
of the individual cations, e.g., Ca, Mg, will be signifi
cant. As the S:L ratio increases, the concentrations 
displaced from the clay minerals dominate the solution 
concentrations. 

It follows from the above discussion that the 
monovalent and bivalent cation occupancies can be 
directly read from the "mean value" row in Table 3. 
The cation exchange capacity (CEC) can then be 
obtained from the sum of the individual occupancies 
which yields a mean value of 60 ± 1 meq kg-1. Ni-en 
cation exchange capacities were also calculated 
directly from the difference between the initial and 
final Ni concentrations in 8 extraction tests and 
yielded a mean value of 68 ± 1 meq kg-1 marl. The 
agreement between these two independent methods 
of determining the CEC was considered to be good. 

9 Calculations of Selectivity Coeffi
cients 

Selectivity coefficients are among the key parameters 
required for calculating a porewater composition. The 
aqueous extract results (Table 2) were used in con
junction with the Ni-en extraction data (Table 3) to 
derive selectivity coefficients for Na and K with re
spect to the bivalent ions Mg, Ca and Sr. These three 
bivalent cations are chemically very similar and gen
erally exhibit relative selectivity which are close to 
unity [12]. Consequently we make the assumption that 
they can be treated as being equivalent, and define 
selectivity coefficients of Na and K with respect to a 
bivalent cation, M2+, where M2+ = Mg2+ + Ca2+ + 
Sr2+. The selectivity coefficient for Na+ - > M2+ 

exchange, N,j}Kc is defined as: 

M^C - — —r~ "J 
N M a2

Na 

where aNa and a^ are the solution activities of cations 
Na and M respectively. NNa and NM are equivalent 
fractional occupancies, defined as the equivalents of 
Na (or M) sorbed per unit mass divided by the cation 
exchange capacity, in equivalents per unit mass. 
(Note that aM = aMg + aCa + asr and NM = NMg + NCa 

+ NSr). A similar equation can be written for K+ -> 

M2+ exchange. The mass balance equation for the ion 
exchange phase is then 

N N a +N K +N M =1 [2] 

Na and K occupancies at any S:L ratio in the aqueous 
extract experiments can be calculated from the differ
ence between their initial occupancies (Table 3) and 
their equilibrium concentrations in solution (Table 2). 

10 Calculation of In Situ Marl Porewater 
Compositions 

The information and data required to calculate in situ 
porewaters for marl have been derived in the preced
ing sections and are summarised below. 

Saturated mineral phases: calcite, dolomite, 
chalcedony and fluorite. (Chalcedony is taken as the 
controlling solid phase for Si.) 

In situ CO2 partial pressure: P-C02= 10-2 bar. 
(This is a best estimate value made by J. Pearson, Jr. 
in 1990.) 

In situ exchangeable cation occupancies on marl: 

Na = 41.6 
K = 4.6 
Mg = 3.4 
Ca = 9.9 
Sr = 0.9 
CEC = 60.0 

± 
± 
± 
± 
± 
± 

0.7 meq kg-1 

0.5 meq kg-1 

0.1 meq kg-1 

0.2 meq kg"1 

0.1 meq kg"1 

1.0 meq kg-1 

In situ equivalent fractional ion occupancies: 

NNa = 0.690 
NK = 0.076 
NM = 0.234 

Selectivity coefficients: 

N*KC =0.32 ±0.02 

J$KC =13.6 ±1.7 

The first step in the procedure was to calculate the 
activities of Ca and Mg in a solution at saturation with 
calcite and dolomite at a P-CO2 of 10-2 bar using the 
geochemical equilibrium code PHREEQE [6]. 

The Ni-en displacement results (Table 3) have 
shown that Sr is present on the clay minerals in marl 
and therefore has to be present in solution. We have 
assumed that the selectivity coefficient of Sr with re
spect to Ca is unity. This implies that the Sr/Ca ratio is 
the same on the solid as in solution. Hence, knowing 
the initial Sr occupancy on the marl we can fix the Sr 
activity in solution via the Ca activity. At this stage we 
have our first estimate of the sum of bivalent cation 
activities in the liquid phase. 

The next step is to calculate the activities of Na 
and K (as chlorides) in solution which are necessary 
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to maintain the in situ occupancies of Na and K on the 
clay (Table 3) in the presence of the bivalent cation 
activities calculated above. Re-arrangement of equa
tion 1 yields 

3 N a -

V 
!K. 

>.V2 

[3] 

From this relation the activity of Na can be calcu
lated for a given aM. NNa. NM and Kc. (A similar 
expression can be derived for K.) Chloride is used to 
maintain charge balance in the solution. 

A second iteration is now made which is essen
tially a re-equilibration of the solid phases in the pre
sence of the Na and K levels derived at the end of the 
first iteration. In this manner the dependency of min
eral solubilities on ionic strength is taken into account. 
Iterations of this type are repeated until the difference 
between the major cation and anion concentrations in 
successive iterations is < 1%. For this specific case 
four iterations were sufficient. 

The modelled porewater fluid given in Table 4 is 
clearly a Na-CI type water of moderate ionic strength. 
It is important to note that these calculations illustrate 
that any deductions concerning groundwater chemis
try made directly from the aqueous extractions alone 
would be incorrect. 

Parameter 
pH 

Ionic strength 
Temperature 

P-COP 

Total concentrations of 
elements: (M) 

Na 
K 

Mg 
Ca 
Sr 
CI 
F 

Qnorg. 
Si 

Value 
7.5 

0.13 M 
25 °C 

10-2 bar 

1.14 x10-1 

2.0 x 10-3 
1.3x10-3 
1.6X10-3 

1.4X10-4 

1.16 x10"1 

4.4x10-4 
6.1x10-3 
2.7x10-4 

Table 4: Calculated marl porewater composition at 
aP-CO20f 10-2 bar 

Since the in situ pH (P-CO2) is uncertain, scoping 
calculations were made in which the pH was varied by 
0.5 units either side of the best estimate value of 7.5 
given in Table 4. At pH=7 an ionic strength of 0.17 M 
was calculated whereas at pH=8 the ionic strength 
was 0.09 M. The main contributor to the ionic strength 
in all cases was the NaCI concentration. Thus, the 
system appears to be fairly robust with respect to pH 
since an uncertainty of 0.5 units about the value of 7.5 

leads generally to only a ± 30% change in the ion 
concentrations. 

It is interesting to consider why a change in pH 
should influence the calculated NaCI concentration in 
the manner described above. The basic reason is that 
the cation occupancies on the marl are taken to be 
fixed values. If the pH of the system is lowered, for 
example, the Ca concentration, determined by the 
solubility product of calcite, rises. An increase in the 
Ca concentration must result in an increase in the Na 
concentration in order to maintain the cation occu
pancies on the marl at their fixed values. This can 
easily be appreciated from the selectivity relation, 
equation 1, for constant values of NN 3 and NM- Be
cause the Na concentration (activity) appears as a 
squared term in equation 1, any change in the Ca 
level results in a magnified change in the Na level i.e. 
the NaCI concentration. The corollary to this is that if 
the cation occupancies, selectivity coefficients and the 
NaCI concentration are known, then the pH and P-
CO2 can be determined from the Ca concentration 
calculated from equation 1 and saturation with respect 
to calcite and dolomite. 

11 Estimates of the Matrix Marl Porosity 

The chloride concentration in the porewater, calcu
lated at a P-C02 of 10"2 bar (Table 4), together with 
the chloride content of the marl (6.9 ± 0.5 x 10-4 mol 
kg*1) g i v e n i n section 6, can be used to calculate the 
"free water" content of the in situ matrix marl assum
ing that all the available chloride is present in the 
porewater solution. The procedure is simple and in
volves the calculation of the amount of water required 
to yield the CI" concentration given in Table 4 with 6.9 
x 10"4 mol per kg marl This volume of water can be 
related to a mass (volume) of marl and hence to a 
"free water porosity". The porosity value obtained, 
using a marl density of 2650 kg m-3, is - 1.5% This 
compares well with the porosity values given in [8] for 
Palfris marl. 

12 Summary 

Physico-chemical characterisation techniques, devel
oped in some previous work to deduce in situ pore-
waters for argillaceous rocks [2] were successfully 
applied to a sample of Palfris marl from borehole SB1 
at Wellenberg (SB1-535.83). The calculated pore
water was a Na-CI type which was saturated with 
respect to calcite, dolomite, fluorite and chalcedony. 
The cations Ca, Mg, Sr and K constituted together 
only a few percent of the Na concentration. The major 
anion was CI", with Cjnorg. contributing approximately 
five percent to the total anion concentration. The pH 
was 7.5 and the ionic strength 0.13 M for the 
assumed P-C02 of 10'2 bar. 
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The effects on the calculated porewater com
position of varying the pH over the range from 7 to 8 
were significant but not dramatic. The ionic strength 
decreased from - 0.17 M (pH = 7) to - 0.09 M (pH = 
8). 

The porosity of Palfris matrix marl, deduced from 
the CI" content of sample SB1-535.83 in conjunction 
with the modelled porewater chemistry, was calcu
lated to be 1.5%, which lies in the middle of the range 
of values measured in [8]. 
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Efficient Modelling of Reactive Transport Phenomena by 
Multi-Species Random-Walk Coupled to Chemical Equilibrium 

W. Pfingsten 

Laboratory for Waste Management 

ABSTRACT 

Reactive transport is modelled by the sequentially 
coupled code MCOTAC, that couples one-dimen
sional advective, dispersive and diffusive transport 
with chemical equilibrium complexation and precipita
tion/dissolution reactions in a porous medium. Trans
port, described by a random walk of multi-species 
particles, and chemical equilibrium calculations are 
solved separately, coupled only by an exchange term. 
The modular-structured code was applied to incon-
gruent dissolution of hydrated silicate gels, to move
ment of multiple solid front systems and to an artifi
cial, numerically difficult heterogeneous redox prob
lem. These applications show promising features with 
respect to applicability to safety relevant problems 
and possibilities of extensions. 

1 Introduction 

Safety assessments for radioactive waste repositories 
require a detailed knowledge of physical, chemical, 
hydrological and geological processes for long time 
spans. In the past, individual models for hydraulics, 
transport or geochemical processes were developed 
more or less separately to great sophistication for the 
individual processes e.g. [1 to 7], but most are unable 
to predict coupled processes. Such processes are 
especially important in the near-field of a waste 
repository (Fig. 1 ). Attempts have been made to cou
ple at least two individual processes to get a more 
adequate description of geochemical systems [8 to 
14]. These models are called coupled codes; they 
couple predominantly a multi-component transport 
model with a chemical reaction model. Until recently 
most coupled codes were of limited usefulness in 
modelling coupled systems because of limitations 
imposed by the availability of computer resources and 
data, in [15] coupled codes are divided into three 
groups with respect to the solution of the coupled 
transport and chemical equations: (I) mixed differen
tial and algebraic equations, (II) direct substitution of 
non-linear chemical reactions into the transport equa
tions, and (III) two sequentially linked sets of partial 
differential equations and non-linear algebraic equa
tions. 

(I) and (II) are also called directly-coupled codes 
because transport and chemistry are directly coupled 

and solved together in one step. (Ill) are calied 
sequentially-coupled codes because transport and 
chemistry are treated one after the other and are 
coupled by an exchange term, with or without an 
iteration step between. 

In a review [15], most coupled codes of types (I) 
and (II) were considered to be research tools, limited 
to one-dimensional descriptions of small systems, and 
only coupled codes of type (III) were recommended 
for their practicality and flexibility. The advantage of 
sequentially coupled codes is the possible use of well-
known transport and chemical equilibrium codes. The 
sequentially coupled codes are not overly complex 
and their application to realistic problems, such as 
incongruent cement dissolution, should be possible 
with reasonable computing time-which is a predomi
nant factor concerning applicability. The specification 
of each submodel is easier and it can be tested sepa
rately. 

Fig. 1: Rock- and cavern-water interaction influence 
the nuclide transport in the vicinity of the near-
field of a waste repository. 

An effective modular structured code should incorpo
rate optimized modules describing the relevant proc
esses, facilitate the addition or exchange of modules 
depending on the specific problem to be solved, and 
allow easy porting of individual modules to an appro
priate computer. This is difficult with the existing cou-
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pled codes, sometimes in principle, sometimes in the 
sense of computer resources. A one-dimensional 
model is preferable to minimise the computing time for 
calculations during code development and testing, but 
the step to two- or three-dimensional modelling should 
be possible without rewriting the code. 

This concept was used for the newly developed 
code MCOTAC (modular coupling of transport and 
chemistry), presented here along with first calcula
tions and a comparison with other codes. It consists 
of a random-walk transport description specified by 
multi-species particles coupled with a chemical equi
librium model. The transport model can easily be ex
tended to more dimensions just by superposition of 
individual one-dimensional transport steps [16]. Inde
pendent particles, each associated with a set of 
masses of chemical substances, are moved within a 
flow field in a statistical manner. This is equivalent to 
the solution of the transport equation for advective-
dispersive/diffusive transport [4]. With the mass vector 
approach, the transport step is done for all solutes in 
one step, whereas for other transport models (finite 
difference or finite element methods) the transport 
equation has to be solved for each solute at each time 
step. This is more time consuming and an extension 
to higher dimensions cannot be done by simple 
superposition. The chemical equilibrium model is 
comparable to the one proposed in [9]. It was chosen 
because of its particular suitability for dynamic 
(successive) chemical equilibrium calculations. It in
cludes complexation reactions, dissolution/precipi
tation reactions as an option to describe multiple 
mineral fronts, redox reactions and, as an extension, 
the incongruent dissolution of solids, as defined by the 
Berner model [17] of cement degradation. An optional 
user interface is also included to allow interactive user 
action during the dynamic calculations to overcome 
convergence problems occurring within the chemical 
equilibrium calculations. 

2 General coupled equations for reac
tive multi-species transport 

The system which is described by the code MCOTAC 
consists of a saturated homogeneous porous medium 
(e.g. a saturated cementitious repository described as 
an equivalent porous medium) with a specified min
eral composition reacting with an aqueous solution 
(e.g. a groundwater) flowing through the porous me
dium in one dimension (Fig. 1). The system can be 
divided into a number of REV's (representative ele
mentary volumes) of homogenous composition. This 
means that each REV can be characterised by a set 
of parameters which are constant within each volume 
(in general this is here the width of a cell). These 
parameters describe the chemical, physical and 
hydro-geological properties of the REV. A change of 
the composition of the solid phase or the liquid phase 
(e.g. of the waste repository) will cause a time-

dependent evolution of the system. Transport proc
esses for chemical species in the liquid phase taken 
into account are advection, dispersion and diffusion. 
Additional chemical reactions will take place in the 
liquid phase and with the solid phase which is 
assumed to be immobile. These chemical processes 
are assumed to influence the transport within the 
liquid phase but, at this stage, not the transport pa
rameters like porosity or water flow velocity. 

2.1 Reactive mass transport equations 

The description of the time dependence of all species 
concentrations separate into two sets of differential 
equations, one set for the liquid phase and the other 
for the solid phase. The species in the liquid phase 
are divided into two different groups, the Nj basis 

species with concentrations Xj (j = 1,..., Nj) and the 

Nc cpmplexed species (or complexes) with concen

trations Cj(i= 1,..., Nc). The basis species are the 
minimum set of species required to form all other 
species of interest. Complexes are substances in the 
liquid phase formed by the basis species. The trans
port equations for basis species concentrations in the 
liquid phase include advection, dispersion, diffusion 
and source terms due to chemical (equilibrium) reac
tions (see e.g. [15]): 

dX-, dX, 3 ( dXA 

T T ^ - a T - ^ M ^ ' ^ 1 N>(,) 

where equal transport parameters are assumed for all 
solutes. Xj is the concentration of the species j 

[mol/H, f the time [s], x the coordinate in x direction 
[m], D the (hydrodynamic) dispersion coefficient 
[m2/s], v the effective flow velocity [m/s] and r;- a 

source term for species / due to chemical reactions 
[mol/l/s]. 

This is a set of Nj differential equations for the 

basis species. An equivalent set of differential equa
tions exists for the complexes C-, (i = 1,..., Nc). Mass 

balance equations for the Nk immobile solid phases 

Pk [mol/l,|Uid] reduce to rate equations with rates rk 

for the precipitation/dissolution of a solid. 

~f-^rk ;k = l,...,Nk (2) 

These differential equations are non-linearly coupled 
by the source terms describing chemical reactions. q 

is the sum of accumulation of basis species j due to 
reactions of complexes with rates rj° and solids with 

rates rfp which are themselves sums of reaction 

rates: 

o = r r + r r ;j=1 NJ (3) 
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The formation of complexes / (solids A) by the set of 
basis species X; is described by 

N, 

JjArXj=Ci ; / =1 Ne (4) 
7=1 

N, 

j=1 

Xj = Pk 
;fr=1,...,/V fc (5) 

due to a correct stoichiometric formation of the com

plexes (solids) and the related mass transfer defined 

by the chemical formula {Xj and C,- {Pk) in mol). 

Ajj ( Blk ) is the stoichiometric coefficient matrix used 

to form all complexes C,- (solids P^) by a chosen set 

of basis species Xj and therefore, ry- is a sum over all 

complexation and solid reactions involving species j. 
This leads, with the definition of total aqueous con-

centrations Uj = Xj + V AyC/, to a set of differential 
;=1 

equations for the A/y basis [18]: 

31/, 
3f 

•fV-
3l>; 

3x 3 x 3 x dt 
(6) 

This is the general coupled chemical reaction-trans
port equation if constant porosity and flow velocity are 
assumed and no assumption of chemical equilibrium 
is made, but the rate equations are eliminated. The 
general equation is a set of Nj equations. The 

remaining equations required to solve the system 
come from the local equilibrium assumption. 

2.2 Complexation reactions 

The mathematical statement of chemical equilibrium 
for each complexation reaction is 

{Ci) = K;Y[{Xj)Ai : i = l "c (7) 

which are Nc equations for Nc concentrations of the 
complexes. K; is the equilibrium constant which de
pends on temperature, pressure etc. and must be 
known for each complexation reaction. {C,} and (A ; ) 
are the activities of the complexes and basis species 
in the solution. The activity is related to the concen
tration of the complex or basis species by 

{XJ} = VJXJ (8) 

where Yy is the activity coefficient of species /. There 
exist several approximations for Yy. e-9- in [19. 20]; 
here the Davies approximation is used. 

2.3 Precipitation/dissolution reactions 

A pure solid in equilibrium with a solution is assigned 
by convention an activity of 1. Corresponding to (5) 
and (8) the mathematical statement of chemical equi
librium for each precipitation/dissoluticn reaction of 
the solid phase k is 

K£o=TlW* :k=1 N« <9> 
7=1 

where Kjf0 is called the solubility product for the kth 
precipitation/dissolution reaction and {Xj} are the 
activities of the basis species. With these Nc + N^ 
equations, (7) and (9), describing chemical equilibrium 
conditions, it is possible to solve equations (6) for 
Nj + Nc+Nk unknowns by type (III) coupled equa
tions. 

3 Concept of modular coupling of 
transport and chemistry 

To solve equations (6) for chemical equilibrium condi
tions, additional assumptions were made to couple 
transport and chemistry sequentially. 

(i) The flow field does not change significantly in time 
scales important to transport and chemical proc
esses. 

(ii) For the sequential coupling it is assumed that there 
is no interaction between solid and liquid phase 
during the transport step calculation [21], and that 
the liquid composition remains constant. Formally, 
in equation (6) the source term at the right hand 
side is neglected for the calculation of the individ
ual transport step that leads to: 

dU J duJ 
dt dx 

Vi 
3x dx 

(10) 

After each transport step, an instantaneous mass 
transfer between the solid and the liquid phase is 
explicitly calculated by the chemical equilibrium calcu
lation, which restores the chemical equilibrium that 
has been perturbed during the transport step. This 
leads to: 

dt u, 
ff=1 

= 0 (11) 

and corresponding chemical equilibrium relations 
(Eqs. 7-9). Then the masses in the liquid phase of the 
re-equilibrated system are taken into account for the 
next transport step. Both the transport (Eq. 10) and 
the chemical equilibrium calculation (Eq. 11) together 
represent a calculation of a reactive transport step. 
This means that transport occurs for a fixed system of 
masses (basis species and complexes) in the liquid 
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phase and the general equation (6) separates into two 
groups of equations: 

• A set of Nj differential equations for all sub
stances in liquid phase describes the transport 
step(Eq. 10). 

• A set of Nj non-linear, algebraic equations 

describes the chemical equilibrium conditions and 
the mass transfer between the solid and the liquid 
phase within a defined volume after each time 
step(Eq. 11). 

In each REV, which serves as a model volume or 
cell (see Chapt. 3.2), mass is conserved for both 
groups of equations. 

The sequential coupling has the advantage of 
providing two different types of equations which can 
be solved by standard procedures. Only the exchange 
term between the two types couples the equations. 
This can be done in different ways. Here, an explicit 
coupling is used. For the chemical system (solid and 
liquid phase) the chemical equilibrium equations are 
solved to give the source terms for the transport sys
tem which is related to the mass transfer between 
liquid and solid phase. Then the transport is calcu
lated for a defined time step resulting in a new chemi
cal distribution of species in the liquid phase which 
has to be equilibrated again (and so on, Fig. 2). There 
is no iteration between transport equations and 
chemical equilibrium equations at this time which re
sults in a weak coupling controlled by a mass balance 
step in between the two equation sets to conserve the 
total mass. 

^ input parameter chemistry _) 

calculation or initial chemical conditions 

M ^ 
(^ input parameter transport 3 

— 
Q set particles j 

vL-
C start or dynamic calculation ) 

c 

c 

assign concentration to particles 

C move particles J 

Î3Z 

J> 

assign new total concentration in the cells 

" . 
Q new speciation J 

si* Q next time step J 

Fig. 2: Solution procedure for a sequentially coupled 
transport and chemical equilibrium calculation. 

w j total] 
m 

3.1 Chemical equilibrium reaction calculations 
(the chemical equilibrium step) 

Following the solution procedure (Fig. 2), the initial 
chemical equilibrium conditions (at f=0) were calcu
lated along a one-dimensional series of m grid cells 
(or volumes), each defined by a set of initial total con
centrations of the basis species in the liquid and the 
solid phase. Therefore, in each cell m Eq. (11) leads 
to 

Nk 

= [Uj+ ^Bjk-Pk]m (12) 

where Wytota,| is the total concentration of basis 

species j in a cell m. 
The Newton-Raphson procedure [22] is used to 

solve the set of the non-linear equations, described in 
more detail in [9, 18]. Within the procedure, the resi
due equations for all possible solids in each cell are 
defined once by comparison of the theoretical solubil
ity product and actual activity product. It is not neces
sary to change the number of unknowns at nodes 
(cells) where solids have precipitated or dissolved. 
This method is effective and more useful in a dynamic 
chemical equilibrium calculation than methods used in 
pure equilibrium calculations, e.g. MINEQL [5], where 
the change in number of unknowns causes a change 
of the system of residue equations in the solution 
procedure. This iteration gives the final set of basis 
species concentrations, the complex concentrations 
and the final solid concentrations for each cell that are 
stored for the next chemical equilibrium calculation. 
The iteration procedure has to be done at each node 
(cell), first, to get the initial concentrations of all spe
cies and then, after each transport calculation within 
the dynamic calculation (Fig. 2). 

3.2 Transport description by random walk of 
multi-species particles (the transport step) 

The method to solve the transport equation (10) for a 
fixed set of species concentrations in the liquid phase 
is related to the random-walk method extended to a 
multi-species transport problem. Following the proce
dure sketched in Fig. 2, at the beginning of the trans
port calculation A/max particles are distributed along a 
one-dimensional domain of interest (Fig. 3). The par
ticles are used to represent the distribution of masses 
or concentrations of all species in the liquid phase. A 
spatial grid is used to define the location of the im
mobile solid masses. The particle masses are related 
to the particle location (which fits into a grid cell with 
defined species concentrations) in the form of a parti
cle mass vector at a location xn, at time t The parti
cle location xn is continuous and not related to a 
random walk on a regular lattice as described in [23]. 
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cell m 
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c e l i m f l 
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(mobile) 

- > 

X* I*~6X*I Xn+I XK-3 X*+4 a««j (pmicle location) 

Fig. 3: Distributed particles are used to represent the 
concentrations Xj(m) and C/(m) within cells 

m, m+1,... in the liquid phase related to their 
location xn. The immobile solids are repre
sented by concentrations P^(m) in cell m. 

Within this new concept, each particle n is related to a 
particle mass vector n to characterise the particle 
properties. The vector n has Nj + Nc+2 compo
nents, to allow different transport behaviour for each 
species, and is defined by 

n:= (m1,m2 mNl,mNn„mN/^ m^^,xn,t) (13) 

The vector components my (/=1 Nj) and m-, 

(£=1,..., N,) which are species masses per particle 
(and location and time) are defined by the location 
x„. The actual particle masses, my- and m-,, depend 

on the calculated equilibrium concentrations or total 
masses in the grid cell (volume V) and the actual 
number of particles nb(m) in the grid cell m which are 
both a function of time: 

m, 
Xj-V 

>\cell i nb(m) cell m 
; / = i Nj (14) 

Vice versa, the concentration Xj{m) of a basis spe
cies / in cell m is given by the sum over all particles n 
in cell m and their related vector component my- : 

1 

particles in cell m 
mj (15) 

Equivalent expressions hold for m;- and C\. The grid 
is used for handling the immobile solid concentrations 
within the chemical equilibrium calculations. It is set 
up for the transport so that there are a number of 
particles in each grid cell to guaranis? a statistical 
description of the transport by a random v.'alk of parti
cles. Further, it depends on the size of the domain of 
interest, its desired resolution and the maximum num
ber of available particles A/max. 

During the transport time step, new particle posi
trons are calculated depending on the transport proc
esses advection, diffusion and dispersion. Each parti
cle n undergoes a movement during the time step At 
equal to normal random walk, described in [4], and is 
a sum of a defined advective step 

Asa(n) = v-At 

and a random diffusive/dispersive step: 

AsD(n) = Zn-j2D-At 

(16) 

(17) 

where Zn is a normally distributed random number 

related to the individual random diffusive/dispersive 
step of particle n. Then the new particle positions xn 

for particles n = 1 , . . . . A/max are given by: 

* n = xn,oid +Asa(n) + AsD{n) (18) 

producing a new particle distribution and related spe
cies concentration distribution after each time step. 
After this transport step, at time f = t +At, a new 

mass balance within each cell has to be done be
cause of the new particle positions. Equation (15) is 
used for basis species and an equivalent one for the 
complexes. Together with the "old" concentrations in 
the immobile solid phase, this gives the total species 
concentration w-ltotai In each cell m. 

-ice// m 

w f+Af 
total 

m 

N> 

I 1B* n 
/c=i 

(19) 

not at equilibrium 

This results in a chemical non-equilibrium in each cell 
which is equilibrated (Eq. 12). Then the equilibrated 
chemical system in each cell defines the equilibrium 
corrected species concentration 

[ -tcell m 

Xt+*ttC*+U and P^ + A f (compare Eq. 19) 

' -Ja/ equilibrium 
in each cell at time t + At including the mass transfer 
between liquid and solid phase. Then the mass of 
each species in the liquid phase in the cell m is 
equally distributed to the number of particles nb(m) at 
their position xn in each cell (Eqs. 14 and 15) to cal
culate the next transport step. The species con
centrations in the solid phase are just stored. This 
closes the dynamic loop in Fig. 2. 

This concept of sequential coupling transport and 
chemistry is influenced by the time stepping (for a 
given grid), discussed in more detail in [24], because 
it defines the source/sink terms for (total) species 
concentrations in the cells not at equilibrium (Eqs. 15 
and 19). It includes additional sources or sinks for 
heterogeneous chemical systems due to chemical 
equilibrium between solid and liquid phases. A time 
step condition can be given for At, the time step 
width1. If the time step is larger than the mean time 
that a particle needs to move through a single cell, the 
particle will not react with the solids of this skipped 
cell. Then errors are introduced with respect to 
chemical equilibrium calculations in subsequent cells 

1 Not necessary for pure random walk transport without chemical 
reactions. 
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in that particles may tunnel cells without an equilib
rium calculation in between. This can be avoided if the 
movement of a particle during the time step At (Eqs. 
16-18) is less than the cell width Ax : 

Ax > Asa (n) + AsD (n) (20) 

It can be achieved by choosing for a given cell width 
Ax a maximum time step Afmax which is related to 

Eqs. (16) and (17). 

It is related to a sum of advective and dispersive/ 
diffusive displacement during that time, if a mean 
dispersive/diffusive movement (over all particles) of 
A s ^ = i/2D-Af is assumed [25]. If condition (21) 
holds, particles cannot tunnel through subsequent 
cells without a chemical equilibrium calculation and 
Without mass transfer between liquid and solid phase 
in this cell. On the other hand, if the particle move
ment during At is too small (condition (21) still holds) 
an additional numerical dispersion due to concentra
tion averaging within the cells results in an apparent 
higher dispersion [18]. Therefore, the time step should 
be in the order of Afmax. 

A further advantage of this transport description 
is the handling of boundary conditions within the multi-
species random-walk method. They are simple in the 
one-dimensional model and correspond to those for 
normal random walk. They can be easily extended to 
higher spatial dimensional problems. Compared to the 
normal random-walk approach, there exist some im
portant differences in the approach used here. Here, 
particles with mass vector components are moved, 
whereas, within normal random walk calculations, 
particles of identical mass for each species are 
moved. An additional time component t indicates the 
time dependency of the mass vector components 
(Eqs. 13 and 14). Furthermore, in the present method 
the transport step is completed by one single step for 
all species, whereas with other methods, the transport 
equation has to be solved (A/.- + A/,-) times. 

4 Applications and comparisons 

Three applications of MCOTAC to one-dimensional 
problems were chosen to show the performance of 
the sequential coupling of transport and chemical 
equilibrium calculations. They are related to radio
active waste repository relevant problems: incong ru
ent dissolution of cement phases, the moving of mul
tiple precipitation/dissolution fronts and a numerically 
difficult heterogeneous uranium-hydrogen redox sys
tem. The comparison serves as a verification of 
MCOTAC by comparison with results of other codes, 
and demonstrates its abilities and advantages. 

4.1 Incongruent dissolution of hydratsd calcium 
silicate (CSH) gels 

The incongruent dissolution of cement described in 
[17] was modelled with the coupled code THCC_DM 
[26]2 and MCOTAC. The physical-chemical model 
was set up in the same way for both codes. This sim
ple system consists of a one-dimensional, 20 cm long, 
cement block which is in contact with pure water at 
x=0. The model solids which describe an incongruent 
dissolution of the CSH-gel (as a simplified composi
tion of a cement) are chosen to be nCa[pH)z", 
ttCaHzSiO^ and "SiOz" where at least one solid is 

present. The amount of "cement" is assumed to be 
1 kg CSH-gel/litre with a porosity of 0.27 and a 
calcium to silicate ratio (C/S) of 2.7 in the CSH-gel. 
The precipitation/dissolution reactions are as defined 
in [17]. Diffusion is assumed to be the only active 
transport process, with a diffusion coefficient of 
5-10-10 [m2 / s ] , equal for all aqueous species. The 

basic species are Ca2+, HzSiO%~, OH~ and an inert 

tracer. Also, water dissociation is taken into account. 
The complex reactions with corresponding log/C val
ues and the initial composition of the inlet and CSH-
gel solution are shown in the following Tables: 

chemical reactions 
CaZ+ + OH- <-> CaOH+ 

H2SiOf- - OH- + HzO <-» H3S/O4 

H3S/O4 - OH- + HzO <-> H4S/O4 

tog AC 
1.3 

-0.9 

-5.04 

Table 1 : Complexation reactions and related 
equilibrium constants. 

basis species 

tracer (inert) 
Ca2+ 

HzSiOf-
OH-

inlet solution 
[mol/l\ 
1-10-3 

0 

0 

1-10-7 

CSH-gel 
solution [mol/l] 

0 
1.6-10-2 

2.09-10-6 

3.79-10-2 

TabJe 2: Composition of the inlet solution and the 
initial CSH-gel water. 

A constant spatial grid size Ax was chosen to be 
0.01 m which corresponds to 20 cells, and related to 
this, a maximum time step size of 105s (Eq. 21) for 

MCOTAC and THCC_DM calculations. Pure tracer 
diffusion serves as an additional test to prove that the 
transport was handled correctly by MCOTAC. The 

With THCC..DM, some problems occurred for calculations where 
the C/S ratio (calcium/silicate) in the solid became lower than one. 
At this limit the cement model changes a solid to describe the 
incongruent dissolution, and the internally generated time step in 
THCC_DM decreases to zero as a result of convergence 
problems. 
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C/S ratio is calculated for times up to 200 years (Fig. 
4). At this time, the C/S ratio becomes smaller than 1 
at the first node and convergence problems occur for 
THCC_DM preventing a further comparison. The 
calculations are in good agreement and point out the 
handling of incongruent cement dissolution by 
MCOTAC. 

3-00- l 0 - 1 ^ 

o LI / \ / v 2OOM 

1.00— *^^ 
THCC_DM 

MCOTAC 

0.00 0.05 0.10 0.15 0.20 
distance [m] 

Fig. 4: Comparison of calculated C/S ratios. 

For migration times for which a comparison is 
possible, computer CPU-times are about the same for 
both codes. However, this application of MCOTAC 
shows that it is possible to include the Berner model 
for incongruent dissolution of a CSH-gel without diffi
culties in the region of C/S < 1 that is important for the 
description of the long term behaviour of a cementi-
tious radioactive waste repository. 

4.2 Moving of multiple solid front systems 

A further example evaluates the development of mul
tiple sharp mineral fronts. A test case defined in [27] 
is used. The test case was designed to have multiple 
precipitation-dissolution fronts of calcite and dolomite. 
(It is recognised that dolomite precipitation is not real
istic over the time scale used in the test case.) The 
chemical system is defined in Tables 3 and 4. 

For the simulation, the model parameters used 
for MCOTAC calculations are the same as those re
ported in [27,28]. There is a limited simulation time of 
105 s so that no tracer breakthrough profile would 

reach the column end (length 0.5 m, porosity 0.32, 
bulk density 1800 kgfm3) for a pore velocity of 

9.37-10-6 mIs. A dispersion of 628-10-«m^/s, a 

cell width of 0.01 m and a starting time step of 200 s 
are taken. In addition, 5000 particles are used within 
MCOTAC calculations. 

chemical reaction 
CaC03 (s)<->Ca2+ + COf" 

CaMg{C03)2 (s) <-» Ca2+ + Mg2+ 

CaZ+ + CO| - <-» CaCOl 

M32+ + c o f - <-> MgCO° 

H+ + OH- <r> H20 

W+ + CO*- 0 HCO3 

H+ + WCO3 <-» H2CO$ 

ci-

+ 2CO|-

log/C 
-8.47 

-17.17 

3.225 

2.981 

-13.998 

10.329 

16.681 

inert 

Table 3: Chemical reactions at25°C [27,28]3. 

basis species 
and solids 

pH 

Ca*+ 

co$-
Mg2+ 

ci-
CaC03(s) 

CaMg{C03)2(s) 

inlet 
concentration 

7.06 (*) 

0 
0 

1-10^3 

2-10-3 
-

-

initial 
concentration 

9.91 (*) 

1239-10-4 
1239-10-4 

0 

0 
2.17-10-5 (») 

0 ( " ) 

Table 4: Inlet and initial conditions in [mol/l\, (*) pH in 
[-], (") solid concentration in [mot/kg soil] 
[27]. 

The results are shown in Fig. 5 where the spatial 
distributions of mineral concentration, pH, concen
tration of the basis species and the main complex 
concentrations are calculated for t = 21000 s. These 
results include also the comparison of the static 
chemical equilibrium calculation. The initial chemical 
conditions, still valid at the right boundary at 
f= 21000s, reflect the identical chemical equilibrium 
calculated by MCOTAC and MST1D used in [27]. The 
sharp dissolution fronts of calcite and dolomite and 
the precipitation front of dolomite are in good 
agreement as well as the concentration distribution for 
the basis species and complexes. Calculations for this 
test case are also done by the directly coupled code 
THCC_DM with the same parameters used for 
MCOTAC and MST1D. This allows an additional 
comparison with the results calculated by a directly 
coupled code and a comparison of the CPU-times 
used. The comparison shows that calculated concen
tration profiles agree as well (see Fig 5). However, the 
required CPU-times were quite different. For THCC 
calculations the CPU time was 55 h for a migration 
time of 21000 s, with MCOTAC it took only 4 min. The 
reason for the extremely different CPU-times could be 

The data used to describe the chemical equilibrium were extracted 
from literature. The "apparent" accuracy of the given logK values is 
not related to experimentally available data, but it was necessary to 
assure a consistent comparison of the two coupled codes. 
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the existence of sharp mineral fronts with different 
chemical systems at neighbouring nodes. The directly 
coupled code uses internally generated time step 
widths starting at some hundreds of seconds then 
decreasing to less than 1 s to achieve convergence 
during the calculations, whereas the sequentially 
coupled code uses a time step width of 800 s defined 
by equation (21). This advantage of a much shorter 
calculation time, independent of occurring multiple 
solid fronts (a possibility for convergence problems for 
the directly coupled code) can be essential for more 
complex code applications. 

HCO, 

co. 
2-

• 10.00 

• 9.50 

• 9.00 

I— 8.50 

• 8.00 

CaC03(aq) 

T T 

a. 

1—7.50 

• 7.00 

0.00 0.10 0.20 0.30 0.40 0.50 
distance [m] 

'I 

& 2-10 — 

10" 

2-10"d 

• ' I • H I ' M 
0.00 0 .10 0.20 0.30 0 .40 0 .50 

distance [m] 

i.1.5-10"3 — 

10" 

5-1C- — 

0.00 0.10 0.20 0.30 0.40 0.50 
distance [m] 

Fig. 5: Calculated concentration profiles by MCOTAC 
(dashed lines) compared to results of [27] at 
21000 s. 

4.3 Simulation of a redox system 

The third application is related to heterogeneous re
dox reactions. An artificial redox system was set up 
inducing numerical difficulties due to sharp concentra
tion gradients in the solution stemming from the 
mathematical description of equilibrium redox reac
tions. In a uranium-hydrogen system, a solution con

taining uranium at Eft=0.1 V and pH= 8 flows into a 
spatial domain occupied by a solution devoid of ura
nium and initially at Eh = -0.45 V and pH = 10. Both 
inlet and domain solutions contain carbonate, as 
C02(aq), HCO3, and C O | _ , at a total aqueous 
concentration of 3-10 -4 M. The inflowing solution is 
in equilibrium with the solid U02(OH)z • HzO(s) 
(schoepite). The master reductant is Hz(aq). The 
simulations allow precipitation of solids UOz(s) 
(uraninite) and U02(OH)z-H20(s), and include the 

formation of aqueous phase complexes (Table 5). 
Water dissociation is also included. In this system, the 
master redox couple is H20-H2(aq). The half-cell 

reaction for the reduction of HzO to H?Xaq) is: 

2H 2 0+2e- = H2(aq)+20H-, E°=-0.S198 V (22) 

where £° is the standard electrode potential. The re
dox potential for this system is given by [29]: 

Eh = -0.0918-0.05916pH-0.02958log{H2(aq)} (23) 

The concentrations of the basis species for the inlet 
solution and the initial domain solution are given in 
Table 6. The chemical system was set up so that near 
the influx boundary a reduction of l/(VI) species 
causes concentrations of the U(N) complex, 
U{OHU{aq), to rise to the value 4.08-10-1° M, fol
lowed by precipitation of the l/(IV) solid, UOz(s). 
Concurrently, the concentration of Hz{aq) near this 
boundary decreases until it reaches 1.492 -10~22 M, 
and the t/(VI) solid U02(OH)2 • H20(s), starts to 
precipitate. The two solids coexist when 
{H2(aq)} = 1.492-10-22 M and the solubility products 

are satisfied simultaneously. {H2(aq)} maintains this 

value along a straight line in Eh-pH space; the equa
tion of the line can be derived by writing the reduction 
of U02{OH)zHzO{s) to U02{s), using H+ as a 

basis species: 

UOz{OH)z-HzO{s)+2e~ +2H+ = UOz(s), 

E°= 0.5538 [V] 
(24) 

When {H2(aq)} = 1.492-10-22 M, Eh and pH are 

related by (Eq. 23): 

Eh = 05538- 0.05916pH (25) 

The transport parameters assumed are a flow velocity 
of 0.0005 m/s, a dispersion of 2.5 • 105 m2 / s. The grid 

length was 10 m with a spacing of 0.2 m (51 nodes; 
so that boundary effects can not influence the 
simulation during a migration time of 10000 s). Within 
MCOTAC calculations, 30000 particles are used for 
the random walk transport description. 
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reaction 
H20-OH-=H+ 

HCO3- OH- = C02{aq) 

HCO3 +OH-- H20 = COf-

U02{C03)l~ -2HCO3 -OW- +2H20= U02OH+ 

U02{C03)\~ - HC03 - OW- + H20 = U02C03 (ag) 

L/02(C03) |- + HCO3 + OW- - H20 = L/02(C03)4-

ty02 (C03 ) | - -2HCO3 + H2(aq)+2H20=U(0H)4{aq) 

U02 (0H)2- H20(s) = U0 2 (C03 ) | - - 2WCO3 + 3H20 

L/02 {s)=U02{C03)l~-2HC03 +H2(aq) 

loqK 
-13.9954 

-7.65055 

3.66658 

-15.5158 

-11.0217 

8.28131 

11.2913 

1.14556 

-20.6807 

Table 5: Chemical reactions and equilibrium constants described by the set of basis species (see footnote 3). 

Basis species and 
solids 

UOz(C03)l~ 

HC03 

H2{aq) 

OH-
Na+ 

U02(OH)2-H20(s) 

U02(s) 

inlet composition 
tot. aqueous 
concentration 

\mol/l\ 
1.3701-10-6 

3.0000-10-4 

8.9647-10-11 

-3.8168-10-6 
2.9892-10-4 
2.9869-10-S 

-

species 
concentration 

[mol/l\ 
1.2412-10-6 

2.9217-10-4 

3.2800-10-23 

1.0310-10-6 
2.9892-10-4 

-

-

initial composition 
tot. aqueous 
concentration 

\mol/l\ 
0 

3.0000-10-4 

1.2870-10-8 

2.0525-10-4 
5.0525-10-4 

-

-

species 
concentration 

\mol/l\ 
0 

1.9866-10-4 

1.2870-10-8 

1.0400-10-4 
5.0525-10-4 

-

-

Table 6: Basis species in solution and amount of solid used to specify the system4. 

A general comparison of the calculated profiles 
calculated by THCC and MCOTAC is presented in 
Figures 6 to 8. The concentration profiles of the basis 
species U02(C03)%~, and H2{aq) are in good 
agreement (Fig. 6). The sharp fronts produced by the 
redox front were reproduced by both codes. The con
centration profiles showed some discrepancies due to 
fluctuations due to the random walk transport de
scription within MCOTAC. These could be decreased 
by increasing the number of particles. A non-random 
oscillating behaviour of the THCC calculated profiles 
appears for the complex species U02C03(aq) (Fig. 
7). The oscillations exceed the random fluctuations 
within the MCOTAC calculated profiles. The appar
ently steeper U02C03(aq) fronts of the THCC pro
files are due to the numerical artefact of these oscilla
tions. The profiles would be closer together without 
these oscillations that can be reduced by a finer spa
tial grid in the THCC calculations [29], but this in
creases also the CPU time. It is also noted that the 
oscillations coincide with the precipitation front of the 

L/(VI) solid U02{OH)2H20(s), and not with the re
dox front and related precipitation of UOz(s). 

These precipitation fronts are identical (see 
Fig. 8). The solid concentrations calculated by 
MCOTAC fluctuate around the THCC-produced 
curves due to the random walk transport approach in 
the liquid phase (e.g. by fluctuations in the 
L/02(C03)|~- concentration) and the low amount of 
the precipitating solids U02{OH)2-H20(s) and 
U02(s). This can "dissolve" (or "precipitate") a con
siderable amount of U02(OH)2 • H20{s) or U02{s) in 
a grid cell from one time step to another. The fact, 
that the H2(aq) and other profiles are in good 
agreement shows that the differences for the 
U02{C03)\~ profiles are mostly due to the over
shooting of THCC calculations near the front where 
both solids coexist and not due to other effects. 

4 Negative total concentration of a basis species is possible depending on the chosen set of basis species. It has no direct chemical meaning but 
it is a result of the numerical scheme. 
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Fig. 6: Concentration profiles of basis species 
UOz(C03)l-and Hz(aq). 
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Fig. 7: Comparison of the concentration profiles of 
complex UOzCOz{aq). 
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Fig. 8: Comparison of the concentration profiles of 
the solid U02{s). 
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Fig. 9: Pathway of a heterogeneous redox system in 
Eh-pH space from initial composition to the 
final (inlet) condition. The concentration of 
H2(3q)5, the master reductant, shows a 
steep gradient, first in the Eh-, then in the pH-
direction. This gradient is influenced by the 
precipitating solids. Altogether, this causes in
duced numerical difficulties within the dynamic 
calculation to check the robustness of the 
codes. 

In addition to the concentration profiles, Fig. 9 
shows the chemical system development at a fixed 
location in the column in the form of the master reduc
tant concentration, Hz{aq), in Eh-pH space. This 
describes the pathway of the chemical system from 
initial column conditions to the inlet condition which 

5 The H}(aq) concentration is at this low level due to the mathematical 
description of the redox system and the HJaq) surface results from 
interpolation of all H2(aq) concentrations calculated at all locations 
during the total migration time. 
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will be reached after infinite time. It is obvious that, 
first the Hz(aq) concentration decreases rapidly with 
Increasing Eh while the pH of the system stays nearly 
constant. During this period U{OH)4(aq) rises up to 
4.08-10-10M, after which UOz(s) precipitates. So 
the solid UOz{s) is present at x=1.1 m at a migration 
time of 1000 s. Then, at about \og{H2{aq)} of -19, pH 
also decreases. H2(aq) concentration now decreases 

slowly, with a slower increase of Eh and decrease of 
pH in the direction of the chemical condition of the 
inlet solution. At a migration time of about 6000 s the 
solid UOz(OH)2H20(s) starts precipitating, and the 

two solids coexist. This figure also gives an indication 
of where or at which time numerical problems due to 
steep concentration gradients may occur. 

A comparison of the CPU times used for this 
application shows again shorter runtimes, up to a 
factor of six, for the MCOTAC calculations. Further
more, the oscillatory species concentration profiles 
which caused convergence problems in the directly 
coupled code computations did not occur in the 
MCOTAC calculations. 

5 Conclusions and recommendations 

One-dimensional transport described by the random 
walk of multi-species particles was coupled with a 
calculation of chemical equilibria including complexa-
tion, redox and precipitation/dissolution reactions 
within MCOTAC. The sequential coupling provides a 
robust method to describe complex physico-chemical 
systems. The code's modular composition and the 
use of a modified random walk method for the trans
port module simplify further development of the code. 
The individual modules of the code have been veri
fied, and a time step condition was given for sequen
tial coupling. 

Three applications of MCOTAC show that the 
code is applicable to coupled transport/chemical equi
librium reaction problems. The handling of incongru-
ent dissolution is possible. The convergence problems 
reported for THCC_DM calculations in regions where 
the C/S ratio is below one did not occur for MCOTAC 
calculations. 

The second application demonstrates the correct 
handling of multiple precipitation/dissolution fronts. A 
comparison of the CPU-time for THCC_DM and 
MCOTAC shows great differences. The MCOTAC 
calculation was nearly a factor of 1000 faster than that 
of the directly coupled code THCC_DM. The reduction 
in CPU-time achieved by MCOTAC emphasises the 
potential of sequentially coupled codes for dealing 
with rr.c •<& cor * ; • *?x problems. 

Caieylr.. >>. " of the moving redox front system 
show a general agreement between the two coupled 
code calculations. THCC calculations gave oscillating 
concentration profiles for a few species near the pre

cipitation front depending on the spatial grid size. This 
numerical artefact can cause convergence problems 
for directly coupled code calculations. These oscil
lating concentration profiles do not occur for MCOTAC 
calculations. Further, this exercise shows that the 
defined redox system, which is numerically difficult, 
can be handled by such codes. Because the CPU 
time, as an indicator of the applicability of a code, was 
reduced by up to a factor of six compared to THCC 
applications for this example, the application of 
MCOTAC to more complex or real, but less numeri
cally difficult, geochemical systems should be possible 
as well. 

The MCOTAC code (written in C and FORTRAN 
modules) was implemented on two computer plat
forms, an Intel i860 card as a fast 64-bit board within 
an IBM-compatible PC and on a UNIX workstation. 
For development, testing and application of the code 
in this early stage it was necessary to have a "fast 
computer on the table" for continuous interaction. A 
batch-type application for coupled codes seems to be 
questionable as a comparison of calculation times on 
fast batch machines and the interactive-type applica
tion used here indicates. But new developments of 
"high-performance personal parallel computers" are 
promising with respect to more complex coupled code 
applications (see e.g. [18, 30, 31, 32]. With the 
modular type of subroutines used in MCOTAC, a 
flexible adaptation of the code or parts of it to devel
opments in hard and software is guaranteed. A further 
development in the direction of visualisation of calcu
lated data is necessary to handle and control the high 
amount of data occurring already in simple one-
dimensional problems. 

An extension to more complex systems, e.g. the 
description of cement degradation by a real ground
water, as is present at the planned Swiss low- and 
intermediate-level radioactive waste repository at the 
Wellenberg site, is in progress. An extension to a two-
dimensional transport description by superposition of 
a second transport dimension can easily be done in 
the case of a random walk transport description. A 
K"D-type equilibrium sorption of species is presently 
being incorporated in the transport module by intro
ducing additional particle sets with differing transport 
properties and, more generally, within the chemical 
equilibrium model. For a more realistic description of 
physico-chemical systems with precipitation/dissolu
tion reactions, the influence of porosity changes and 
related changes of the flow field should, finally, be 
taken into account by adding a hydraulic module. 
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Abstract 
The Project CORVIS is a research programme for the 
experimental and analytical investigation of a possible 
melting-through of the pressure vessel of a light water 
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tail on a small-scale experiment and the results of a 
computational reconstruction of heat transfer pheno
mena observed in this experiment. Further, prelimi
nary remarks on the most recent large scale experi
ment on a model of a BWR-drain line are made. 

1 Introduction 

1.1 Background 

Research on severe accidents in nuclear power plants 
investigates those accident scenarios which are not 
considered in the design of the safety installations of 
modern plants. In the (very improbable) case that the 
reactor loses all systems for heat removal, the reactor 
core can melt, even from the decay heat produced 
after reactor shut down. Parts of molten core material 
will move downwards into the lower plenum of the 
reactor pressure vessel (RPV), where the hot melt will 
evaporate the residual water and then attack the built-
in steel structures and the vessel wall. This will finally 
lead to a failure of the RPV lower head and the re
lease of core material into the safety containment. Of 
particular interest are those reactor designs where the 
lower head carries small instrument tubes or the large 
penetrations for the control blade drives of boiling 
water reactors. Such tube penetrations may be con
sidered as weak points for melt through, but they can 
also delay a melt discharge, if the melt solidifies on or 
inside the tubes. A slow discharge at small mass rates 
is, however, important for a permanent cooling of the 
melt, e.g. in a water pool, in order to prevent an ero
sion of the containment basement by a corium-
concrete interaction (Corium: Mixture of molten fuel, 
steel, Zircaloy, etc.). The time, the rate and the consti
tution of the discharging melt govern significantly the 
further development of an accident with respect to 
containment structural response and aerosol release 
to the containment atmosphere, as well as the effi
ciency of measures for accident management. A 
complete source term analysis has therefore to con
sider the mode of the RPV-failure with respect to the 
following questions: 

- In which way do the respective attacks by metallic 
and oxidic melts fail the lower head? 

- When does the RPV fail and how fast is the growth 
of the leakage? 

- What is the rate and the constitution of the dis
charging melt? Can the melt be cooled after dis
charge into the containment? 

- In which way will the penetrations fail. What is their 
overall effect on the process of RPV failure? How 
fast can the primary system be depressurized 
through a destroyed penetration? 

Today, research on RPV lower head failure is 
internationally recognized as an important task of 
accident research. Following the core-melt accident of 
TMI-2 in 1979 USNRC identified, within the SEVERE 
ACCIDENT RESEARCH PROGRAMME [1], the mode and 
the timing of vessel failure as objectives of further 
research. The major goals of those analyses were to 
identify plausible failure mechanisms and to develop a 
method for determining which failure mode would 
occur first in different light water reactor designs and 
accident conditions. Failure mechanisms, such as 
tube ejection, tube rupture, global vessel failure and 
localized vessel creep rupture, were studied with 
computational models. A general methodology is 
documented by REMPE ET AL. [2] and results, specific 
for TMI-2 plant, are documented by STICKLER ET AL. 
[3]. Independent of the USNRC programme, compu
tational results on lower head failure modes have 
been published in a state-of-the-art report by BAKKER 
ET AL. [4]. All these efforts rely on computational 
models of failure, but no experiments were available 
at this time to verify the assumptions made in the 
codes. The project CORVIS (Corium Reactor Vessel 
Interaction Studies) closes this gap of knowledge with 
experiments on a large scale. Started at PSI/LSU in 
1991, it was then the first research programme to 
investigate lower head failure as it would appear if no 
measures of accident management were taken to 
prevent RPV melt-through. In the meantime, the 
OECD/Russian project RASPLAV has been started as 
another effort to investigate the melt attack to the 
RPV lower head. The aims of this project differ from 
those of CORVIS in that strategies of accident man
agement, e.g. the peripheral cooling of the RPV with 
water, will be developed (see [5]). 
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1.2 General conditions of melt-through tests and 
of the analysis 

According to the reviews [2] and [3], four modes of 
RPV lower head failure can be distinguished: Melting 
through of tube insertions, tube ejection, global break 
of the lower head hemisphere or failure of the lower 
head wall caused by the attack of a beam of melt 
discharging from the core region (jet impingement). 
The CORVIS experiments are oriented mainly to
wards the first two effects, but can also provide a 
limited amount of information about the global break. 
The initial condition of the melt-through experiments 
simulates the stage of a core melt accident, when a 
pool of molten corium (molten fuel, steel, Zircaloy 
etc.) has already been formed in the still leak-tight 
lower plenum of the RPV. The experiments are per
formed at atmospheric pressure, thus simulating an 
accident condition with low pressure of the primary 
system. Accident paths at high system pressure can 
be investigated with the help of analytical and numeri
cal models developed partially on the basis of the 
experimental observations. The experiments will pro
vide data on the temperature history of the lower head 
structure at the time of contact with hot melt and on 
the deformations of the structure due to plastic dis
placements and creeping effects. As important as the 
measurements are the merely qualitative observations 
with respect to 

• behaviour and influence of tube insertions on lower 
head failure, i.e. melting of a penetration, solidifica
tion of the melt inside or outside the tube below the 
RPV 

• location and growth of a vessel leakage 
• rate and constitution of the melt discharging from 

the RPV. 

The experience thus obtained will guide the de
velopment of analytic models in two ways: Phenom
ena which were found to govern the failure process 
will be modelled in detail, and the computed predic
tions can be compared with the measured data. 

1.3 Experimental facility 

Despite of the many variants of a reactor core melt 
down, after the evaporation of all residual water, this 
process always tends towards the formation of a pool 
of molten debris in the lower plenum. In the CORVIS 
experiments it is assumed that this state has already 
been achieved. We briefly describe the experimental 
facility of CORVIS (Fig. 1); a more detailed descrip
tion is given in [6]. 

Test section: The central part of the test facility 
is the experimental vessel. It is a cylindrical steel 
container, the bottom of which represents a cut-out of 
an RPV lower head wall. Tube-like penetrations can 
be inserted into the bottom with a reactor-typical 
welding technique. The scale of the bottom thickness 
and the diameter of the insertions is 1:1 compared to 
real reactor dimensions. (Bottom thickness: 100-120 

mm. Free diameter of the bottom: 500 - 740 mm.) 
Slices of reactor pressure vessel steel (20MnMoNi55) 
are used as bottom material. The vessel side wall is 
thermally insulated inside with a MgO-based heat-
resistant layer. Below the bottom of the experimental 
vessel a space of 5 m of height is available which 
allows joining of long tube continuations as encoun
tered in several reactor designs. 

Melt casting facility: The melt mass used to 
simulate the reactor core melt is produced with a 
thermite charge (8AI + 3Fe304 -> 4AI2Oa + 9Fe + 
3675.6 kJ/kg-thermite).The thermite is ignited in a 
separate reaction vessel with a capacity of 2000 kg, 
and then poured into the experimental vessel. In this 
way the turbulent phase of the thermite reaction is 
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mass can be poured in. An automatically controlled 
movable channel is used to pour either the iron or the 
aluminium oxide melt from the reaction vessel into the 
experimental vessel. 

Electric arc heater: After the melt has flowed 
into the experimental vessel, the heat losses of the 
melt are much too high to melt through the bottom 
with the stored heat alone. Therefore a DC-driven 
electric arc furnace with two concentric graphite elec
trodes is used for a sustained heating of the melt. By 
applying pressure to the gap between the electrodes 
with argon gas, the arc can be ignited at an arbitrary 
depth in the melt bath. This arc heater with a movable 
hot zone and a design power of 300 kW is a prototype 
development. It allows heating of the melt without 
resistance heating of the metallic vessel bottom. 

instrumentation: The temperature histories at 
the surface and in the depth of the bottom plate of the 
experimental vessel are registered with thermocou
ples. In addition, the temperature field at the bottom 
surface is measured with infrared thermography. In
ductive transducers measure the displacements of the 
bottom plate prior to melt through. The mass flow of 
the melt discharging from the experimental vessel is 
measured with load cells. 

Thermto 
Reaction Vessel 

M M Graphite Electrodes 

M B Steel + Insulation 

m i Fluid Iron 

w w Thermite 

Aluminum Oxide 

Tube 
Penetration 

I I Melt 

LLr°~ 
Fig. 1: Schematic view of the experimental facility 
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2 Recent Experiments 

Two fully instrumented experiments have been per
formed up to now, the first of which (experiment no. 
02/1) was carried out in June 1993. The bottom of the 
experimental vessel was 600 mm wide and 100 mm 
thick and did not carry tube insertions. The thermite 
mass amounted to 800 kg. This experiment had to be 
shut down after about 3 minutes, due to a series of 
unforeseen difficulties. Despite these events, several 
insights were obtained concerning the formation of 
crusts between the melt and the bottom plate, jet im
pingement of the melt beam into the bottom and 
metallurgical interactions (see [7, 8]). A further large 
experiment took place in December 1994 (no. 03/1). A 
senes oi small scale experiments ^no. 01/4, 01/5, 
01/6) was also carried out during 1994, in order to 
solve several problems concerning experimental 
technique [9]. We report in the following on the final 
experiment no. 01/6, since this experiment should 
prepare the test facility for the upcoming large tests 
with tube insertions [9]. We further report preliminarily 
some highlights of experiment 03/1. 

2.1 Experiment No. 01/6 

The objectives of this experiment were: 

• Burning the electric arc at maximum power in the 
iron part of the thermite melt for at least one hour. 

• Check of the electric insulation of the central elec
trode cylinder surface, made from a paintable paste. 
For an efficient heating of the melt, the electric arc 
must be concentrated at the lower end of the elec
trode pair. The insulation should prevent the electric 
current from discharging through the electrode gap 
along the whole length of the electrodes, thus giving 
only a diffuse heat source. 

• Improvement of the electric supply of the central 
electrode 

• Comparison of the electric arc power in an argon 
plasma against a nitrogen plasma. 

• Reliability check of the filtered over-pressure relief 
valve of the electrode system. 

• Test of a protection of the test vessel bottom against 
jet impingement. 

A melting-through of the test vessel bottom was 
not expected because of an unfavourable mass rela
tion of the thermite melt and the bottom plate. 

Test Conditions and Instrumentation 

The dimensions of the test vessel were as follows: 
Free inner diameter 475 mm, height 860 mm, thick
ness of the bottom plate 100 mm, thickness of the 
thermal wall insulation 50 mm. The material of the 
bottom plate was a low alloy ferritic steel (St37). The 

wall insulation, which consisted of a heat resistant 
MgO-based rammed layer, had been desiccated for 2 
weeks at a temperature of 200°C in order to evaporate 
the residual free water. The thermite reaction vessel, 
and in particular, the blast pipe at the melt exit had 
also been dried out for 6 days at 120°C and 400CC 
respectively, to prevent early pouring. The melt mass, 
mainly produced from 305 kg of thermite, consisted of 
186 kg of iron and 170 kg of aluminium oxide and 
magnesium oxide from the insulation. The melt mass 
was limited by the small diameter of the test vessel 
and that of the outer electrode (diameter varying from 
330 to 356 mm). Fig. 2 shows the levels of the iron 
part and the total level of the melt in the test vessel 
dependent of the distance of the electrode lower end 
from the vessel bottom. 
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Fig. 2: Melt levels in the test vessel of experiment 
01/6 and hydrostatic melt pressure at the 
lower end of the double electrode, submerged 
in the melt, in the case that the electrode gap 
is completely filled with gas. 

The pressure of the inert gas (argon or nitrogen) 
in the electrode gap must be electronically controlled 
to be in equilibrium with the hydrostatic pressure of 
the melt. The computed hydrostatic pressure of the 
melt is also shown in Fig. 2 for the case that the elec
trode gap is just completely filled with gas. A conser
vatively low density of 2400 kg/m3 was assumed for 
the aluminium oxide. In fact this density varies 
strongly with temperature and was estimated, in pre
vious experiments, as 2880 kg/m3. The cylindrical 
surface of the central electrode was insulated with a 1 
mm thick layer of a zirconia-based paint to inhibit 
electric current discharge in the electrode gap. Previ
ous experiments had shown that the electrical con
nection plug of the central electrode tends to melt at a 
current of 2000 A. Therefore a 0.2 mm thick soft an
nealed copper sheet was inserted between the copper 
plug and the electrode to improve the contact. The 
electrode system was protected against overpressure 
with an automatic valve. The reliability of this valve 
was improved with a multi-layer filter against blockage 
by aerosols produced by the electric arc. 

The bottom of the test vessel is always strongly 
attacked by jet impingement of the melt beam during 



pouring. The bottom was therefore shielded with an 
additional steel plate (St37) of 10 to 30 mm of thick
ness, carrying a set of holes and supported on 30 mm 
high plugs. The plate was designed to annihilate the 
kinetic energy of the beam and finally to melt itself. 
The instrumentation of the test vessel was sparse, 
consisting of 32 K-type thermocouples distributed 
over the outer surface of the test plate and on the 
vessel wall. 

The application of infrared thermography for the 
acquisition of temperature data on the surfaces of 
CORVIS test objects has certain advantages over the 
point-like measurements with thermocouples: 

• The conditions for free radiation are similar to real
ity; radiation is not disturbed through covering with 
thermocouple wires and sheaths. 

• The measurement has features of visualisation of 
the full temperature distribution, dependent on time, 
over the whole surface of the test object and detec
tion of hot spots. 

Based on the experience of previous experi
ments [6] with different thermography equipment, a 
new evaluated Thermovision® 900 SW-TE System 
produced by AGEMA Infrared Systems AB (Sweden) 
was used in experiment no. 01/6. The scanner is de
signed to operate in the short wave 2 - 5.4 urn band of 
the infrared spectrum. The scanner uses 2 thermo-
electrically cooled SPRITE (Signal Processing In The 
Element) detectors maintained at a temperature of 
-70°C. A 10Meleobjective was used with a Field Of 
View of 10° x 6.25°. The bottom plate (outer diameter: 
640 mm) was observed under an inclination of 55° 
from a distance of approximately 5.00 m and fills well 
the frame of 204 pixels by 128 lines; the achieved 
geometrical resolution amounts to 4.5 mm. The 
measurement was performed, depending on the 
varying temperature range, with and without a narrow 
band short-wave (3.85 urn) high temperature filter. 
The maximum optical scan with the above resolution 
and with on-line digital recording is 20 Hz. The real 
frequency of digital recording was lower and adapted 
to the gradually changing temperature range. 

Measured data 

The thermite melt was tapped from the reaction ves
sel at 51.5 s after ignition. The tapping process is 
realized by the load cell signal of the reaction vessel 
in Fig. 3. The thermite reaction was running during the 
first 30 s causing dynamic forces which were regis
tered by an unsteady signal of the load cells. Tapping 
is performed by means of a falling hammer mecha
nism. The dynamic force of the hammer strike causes 
the sharp downward signal in Fig. 3. The melt left the 
reaction vessel within 10.2 s. The final "negative" 
weight of -25 kg indicates, that part of the heat-
resistant coating of the vessel was eroded and poured 
together with the thermite charge. 

Tims[s] 

Fig. 3: Weight signal from the load cells at the ther
mite reaction vessel (Exp. 01/6) 

The iron discharge amounting to 168 kg takes 
4.8 s, in good agreement with a computed value of 
4.4 s. This observation is important for a separation of 
metallic and oxidic melt components in future experi
ments. The electric arc burned in a nitrogen plasma 
with a constant controlled maximum current of 1900 
A. The burning voltage is determined both by the 
(controlled) arc length and also by ionisation of the 
gap atmosphere and the concentration of charged 
aerosols. As was already known from previous ex
periments, this voltage decreases in time, so that a 
maximum electric power is only measured during the 
first 300 seconds (Fig. 4). 

1500 2000 

Time is) 

Fig. 4: Electric DC-power supplied to the electric arc 
heater at a constant current of 1900 A. The 
power decreases as the burning voltage of the 
arc decreases, due to aerosol production in 
the electrode gap (Exp. 01/6). 

The peak power of 250 kW was higher by about 50 
kW compared to that of an argon plasma measured in 
the previous experiment 01/5. The drop of the power 
to a final value of 100 kW (Fig. 4) was also caused by 
a decay of the electrodes by erosion and dissolution 
of the graphite in the iron melt. In future experiments, 
which require the design power of 300 kW to melt 
through the test plate, a stronger current supply has 
to be installed, since the burning voltage cannot be 
increased. 
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Fig. 5: Experiment 01/6. Infrared thermograms. De
velopment of hot spots at the surface of the 
bottom plate. 

The temperature field measured with the thermo
couples and with infrared thermography initially 
showed a strong asymmetry around the rotation axis. 
This perturbation, which disappeared after about 
1000 s, v/as a remnant effect of jet impingement 
and also of asymmetric burning of the arc. The high
est temperatures of 950°C were achieved at the bot
tom centre (see chapter 2.2). All temperatures be
came stationary after 1500 s. These data provide a 
gauging of expected temperatures at a given arc 
power. 

Thermography measurement technique is based 
on an integration of Planck's radiation law over a lim
ited frequency range and adapted for a grey body. 

The emissivity factor, by which the power radiated 
from a grey surface differs from that of the blackbody 
surface at the same temperature, has to be estimated 
in order to interpret the detected radiation pattern. The 
emissivity generally depends on the wavelength, the 
surface conditions (e.g. the degree of oxidation, kind 
of surface finishing etc.), angle of observation 
(Lambertian conditions) and temperature. In the case 
of the CORVIS experiments it was found that the 
emissivity varies throughout the object surface and 
also in time, due to the large temperature range of 
1400°C and to oxidation. 

Presently, the thermography device does not 
automatically correct for emissivity and other pertur
bations. Instead, a special off-line correction of meas
ured values was mâuê using tue data l'cm a srrssi! set 
of thermocouples placed in a representative pattern 
on the surface. This correction method is proposed in 
[10]. 

Fig. 5 shows the development of the heating up 
of the outside surface of the bottom plate in experi
ment no. 01/6 at three characteristic times. The tem
perature scale for all thermograms is 1000°C. At 
519 s after ignition, a hot spot, caused by the melt 
jet, was observed. At 1000 s a second hot spot, origi
nating from an asymmetrical burning of the electrical 
arc in the melt, was visible. At 1500 s this asymmetry 
disappeared. About the same time, thermal equilib
rium had been achieved. 
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Fig. 6: Experiment 01/6. Infrared thermography. De
termination of the emissivity for ST37-steel 
versus temperature. 

The emissivity factor is of general interest for all 
calculations of modelling. The effective signal pro
duced by a thermographic device is, however, not 
only related to the true temperature by emissivity, but 
also by perturbations due to reflection, absorption and 
transmission of the optical system and the environ
ment. A special software is available in the Thermovi
sion® 900 system which can correct for these pertur
bations. The emissivity is determined at the place of a 
thermocouple, using the thermocouple temperature 
and the radiative signal from this point. Fig. 6 shows 
the emissivity computed at four surface points as a 
function of the temperature. 



Post-test observations 

The experimental vessel was cut horizontally and axi-
ally along the diagonal of jet impingement. A visual 
inspection showed the following: The lower part of the 
outer electrode, as far as it had been dipped into the 
iron melt, was eroded away. The dissolved or eroded 
graphite mass amounted to 5.3 kg, corresponding to 
3.2% of the iron mass. The insulation painting at the 
central electrode had partially flaked off. These obser
vations might explain the decrease of the arc power 
and also the independence of the electrode position 
("arc length", Fig. 4) in the late phase of the experi
ment. Solid aluminium oxide is an electrical insulator. 
Since the electrode was no longer in contact with the 
iron melt, the electric current flowed horizontally 
through the electrode gap, and the power was not 
completely given to the iron melt. A specimen which 
had been cut out of the test plate for metallurgical 
examination could be broken into two parts along the 
contact surface between the thermite iron and the test 
plate, thus indicating that no welding had taken place. 
The melt beam had impinged the shielding plate, but 
the test plate was only eroded 10 mm deep. The 
pressure relief valve had worked well during the ex
periment; the protecting filter was heavily loaded with 
graphite dust and oxides. 

Metallurgie post-test examination of the test plate 

The purpose of this post-test examination (see [11]) 
was the analysis of the metallurgical interaction be
tween the thermite melt and the low alloy structural 
steel test plate and also an estimation of the profile of 
maximum temperatures reached in the test plate and 
in the thermite iron during the steady state. Methods 
used were: 

- Chemical analysis of samples, drilled from different 
levels in the test plate and the thermite iron. 

- Metallographic investigation of polished and etched 
specimens using the light microscope. To this end, 
a triangular cross section test specimen was cut 
out along the axis of the test plate and thermite 
iron layer. 

- Hardness measurement (Vickers DIN 50133) 
along the axis of the test specimen. 

Chemical analysis and hardness: Fig. 7 shows 
the hardness and the corresponding carbon content 
as a function of the distance from the bottom plate 
outer surface of the test section. Within certain limits, 
increasing hardness corfdsponded well to an increas
ing carbon content. Th& test plate exhibited fairly 
constant hardness and carbon content. Since the 
graphite heating electrode was eroded and diluted by 
the thermite iron melt, the carbon and the hardness 
increased above the inner surface of the test plate 
(thermite iron part). Maximum hardness corresponded 

to a certain local microstructure in the material 
(pearlite with a surrounding continual network of sec
ondary cementite phase). Softening occurred when 
free graphite appeared in the microstructure; this was 
close to where the graphite electrode had been. 
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Fig. 7: Vickers hardness and corresponding carbon 
content as a function of the distance from the 
outer surface of the test plate. (AJP: Anti-jet 
impingement plate). 

Similarly, Fig. 8 shows the manganese content, 
which exhibited an abrupt change at the interface 
between the test plate and thermite iron. Both obser
vations indicate that no penetration of the thermite 
iron (or melting of the test plate) had taken place. 
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Fig. 8: Manganese concentration profile showing an 
abrupt change at the interface between the 
test plate and the thermite iron mass 

Metallographical analysis: Fig. 9 shows the 
microstructure of the cut-out specimen at an elevation 
of 95 mm (5 mm below the upper boundary of the 
original test plate): Identified were "ferrite" (alpha iron) 
and "pearlite" (dark eutectoid of alpha iron and Fe3C). 
The working direction of the original steel test plate 
was clearly visible. Only in the last 5 mm was the 
structure changed, i.e. working direction not visible. 

The photo in Fig. 10 was taken at an elevation of 
95 mm. Identified were microstructural constituents as 
in Fig. 9, but with a very different morphology: The 
working structure was removed. It was surmised that 
the material had temporarily been in the austenitic 
phase at temperatures in the range 1480-1500°C, and 
the ferrite had then later recrystallized upon cooling. 



locality. Magnification 60 X. 

Fig. 11 : Microstructure of material directly above 
the test plate. Magnification 60X. 

Fig. 11 is taken from a thin (1 mm) layer directly 
above the test plate. The structure was identified as 
ferrite with some inclusions of manganese sulphide, 
i.e. it corresponded only to thermite iron. The 
scratches observed were caused during sample 
preparation. 

Fig. 12 was taken slightly above the former level: 
An increasing quantity of carbon was identified due to 
the appearance of pearlite in the microstructure. 

Both chemical and metallographic analyses indi
cated that the upper surface of the test plate had 
never been melted, but that a temperature near to the 
melting point of low alloy steel (1520°C) had been 
achieved. 
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Fig. 10: Microstructure of test plate adjacent 
to the top surface. Magnification 60X. 

Fig. 12: Microstructure of thermite iron above 
the level of Fig. 11. Magnification 60X. 

Fig. 13 illustrates a possible explanation: Imme
diately after pouring-in, the melt passed through the 
holes of the anti-jet impingement plate (AJP) and 
formed there a frozen layer of thermite iron. When the 
AJP was fully melted away at a later point in time, the 
electrode power available and the heat in the melt 
were not sufficient to remeit all the original frozen 
thermite iron layer lying on the top of the test plate. 
Thus a layer of thermite iron (carbon content <0.02 
wt.%) covered the test plate upper surface. For the 
next experiment it was therefore decided to simplify 
the situation by fixing the AJP directly to the test plate, 
without any gap between. 
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Fig. 13: Schematic of probable mode of action of 
reacted thermite mass upon entry to the test 
vessel CORVIS 01/6 

2.2 Computational Analysis of Experiment 
No. 01/6 

The computational modelling of the CORVIS project 
[12] is based on the Finite Element (FE) method. The 
program package ADINA (Automatic Dynamic Incre
mental Non-linear Analysis) is used. Since no data on 
structural displacements had been taken in experi
ment 01/6, the computational analysis was restricted 
to the description of the thermal behaviour. One of the 
main objectives in the CORVIS experiments is the 
investigation of the heating process of the steel 
structures. A crucial feature in the modelling of this 
process is the build-up of heat-driven flows in the 
melt. 

The transient fluid flow method (ADINA-F) is too 
time- and disc space consuming to perform detailed 
parametric studies. Therefore a simplified method was 
applied to assess the influence of several experimen
tal conditions. This simplified method is based on solid 
element conductional analysis with the ADINA-T 
code. In order to simulate a strong convection in the 
melt, we introduced an arbitrary increased conductiv
ity for the melt above the melting point. This will 
slightly over-estimate the heat transfer by convection, 
but it allows an understanding of the influence of the 
crucial parameters. Radiation from the free surfaces 
was taken into account as a boundary condition. To 
this end, the ADINA package encompasses special 
boundary elements, which follow Stefan-Boltzmann's 
law of radiation, with a temperature dependent emis-
sivity, as was constructed with the help of the meas
ured infrared thermography data (see Fig. 6). Calcu
lations using this emissivity value showed a better 
agreement with the experiment when compared to 
calculations with emissivities taken from the literature. 
Further, heat transfer by free convection to air was 
taken into account, assuming a maximum heat trans

fer coefficient of 50 W/mz. The latent heat of phase 
change and the influence of different melting tempera
tures were also studied. Impurities, as found in the 
melt [11], will lower the actual melting temperature, 
and hence will influence its thermal behaviour. Firstly, 
the effect of the arc heating power was studied with a 
number of steady-state calculations (Fig. 14). We can 
conclude that only about 55 kW of heating power 
were actually given into the melt, instead of the 110 
kW of electric power measured under the steady-
state conditions in the experiment. In the calculations 
for the transient phase, it was assumed that only 50% 
of the measured electric power were given as heat 
into the melt. Fig. 15 shows temperature histories for 
two points compared to the experimental data, as 
taken from measurements with irietmûcoupîes at the 
same places. A good agreement is found with the 
above adaptations of the actual heating power. 
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Fig. 14: Computed temperature field of the bottom 
plate at steady state conditions for a heating 
power of 60 kW (Exp. 01/6). 

In parallel to the analysis with the described 
simplified method, a calculation was also performed 
with the transient fluid flow code ADINA-F. Incom
pressible flow with heat transfer was considered [13] 
satisfying the Boussinesq approximation for buoyancy 
forces. Only a laminar flow was assumed. Losses by 
radiation and free convection were implemented in a 
similar way to that described above. In order to simu
late the ablation and melting processes in the vessel 
and the solidification of portions of the melt, a discon
tinuous change by a factor of about 108 was assumed 
for the viscosities of the materials at temperatures in 
the vicinity of their melting points. From the computed 
pattern of flow velocities it can be concluded that, 
close to the vessel wall, the melt solidified almost 
immediately after pouring. The reason is, that the 
narrow gap between the submerged electrode and the 
wall does not allow for strong convection. 
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Fig. 15: Temperature histories and calculations (Exp. 
01/6). a) at the centre point of the outer 
surface of the bottom plate; b) at the side 
wall, 20 cm above the weld. 

At the upper surface of the bottom plate, the 
computed contact temperature of the hot melt and the 
cold bottom plate lies below the melting temperature 
of iron. The computed velocity pattern shows a quick 
arrest of the melt flow near the bottom plate, which 
indicates that a layer of solidifying metal is being 
formed. This is in agreement with the métallurgie ex
amination, from which it is estimated that the plate 
had never reached the melting temperature. Fig. 16 is 
a schematic representation of the solidification prog
ress, as derived from the velocity pattern. The three 
schemes cover a time interval of 120 s, after which 
the freezing front (dashed line) is close to the elec
trode surface. In the experiment, the electrode was in 
fact frozen to the oxide after this time. The tempera
ture rise, as predicted by the fluid-flow model, occurs 
more slowly than was observed in the experiment 
(Fig. 15). One reason is that this model assumes an 
intact anti-jet impingement plate. The region of colder 
material with a significantly lower viscosity obstructs 
the convective heat transport into the bottom plate. In 
the experiment the plate was partly eroded away al

lowing more convective flow than was found in the 
calculation. When the plate is not modelled, the calcu
lated temperature increase is considerably faster, and 
the temperatures come closer to the measured data 
with a remaining deviation of about ±10%. 
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Fig. 16: Schematic of solidification progress in the 
melt. Computation with ADINA-F. 

2.3 Experiment No. 03/1 

The experiment no. 03/1, performed on December 15, 
1994, was a large scale test. Its objectives were an 
investigation of the behaviour of the drain line typical 
for General Electric boiling water reactors. Failure of 
the drain line itself or of the welding nozzle at the 
RPV-wall and melting of surrounding parts of the 
RPV-wall was to be studied under conditions of attack 
by hot melt. The motivation for this experiment came 
mainly from pre-computations submitted by member 
institutions of the CORVIS international consulting 
group (Task Force). The computations predicted so
lidification of the melt, even in a straight drain line 
model, at different distances below the RPV, depend
ing on the modelling of heat losses. A melting-through 
of the drain line near the RPV-wall was expected. For 
the time being these types of experiment were also 
preferable from technical reasons, since they require, 
at most, a moderate power from the arc heater. 

The free inner-diameter of the test vessel was 
740 mm. The vessel bottom, with a thickness of 
100 mm, consisted of reactor steel 20MnMoNi55. A 
3.80 m long straight tube (material: St 35) was 
welded with the reactor-typical drain line nozzle 
(material: Ck 60) to the bottom plate (Fig. 17). A 
thermite melt of 800 kg was poured into the test ves
sel. 

The experiment progressed rapidly. Table 1 
contains a list of the important events of the experi
ment as recorded on the video tapes. The drain line 
failed, still during pouring of the melt, at first with a 
hole just at the welding between nozzle and tube (at 
68.6 s), and shortly later by a break at the narrow part 
of the nozzle (at 69.5 s). 
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Fig. 17: Experiment 03/1. Bottom plate of the experi
mental vessel with the drain line model (left) 
and the drain line nozzle (right). Indicated are 
the positions of several of the thermocouples 
with their numbering. 

Time[s] 
0.0 

59.8 
63.3 
64.5 

68.6 
69.5 
79.8 
86.1 
96.5 

Event 
Ignition of the thermite 
Tapping of the melt 
Arrival of the melt in the test vessel 
Arrival of the melt in the melt catcher 
below test vessel 
First hole at the drain line 
Nozzle rupture 
Thermite reaction vessel empty 
Pouring channel empty 
Test vessel empty 

Table 1 : Time table of events in experiment 03/1. 

Fig. 18 illustrates some of those events. The ap
pearance of first holes is shown in Fig. 18a. The 
thermogram of Fig. 18b shows nozzle rupture at 69.42 
s. (The dark region in the centre is caused by over-
modulaticn.) The video picture Fig. 18c, was recorded 
immediately after nozzle rupture with a strong grey 
filter. Visible in the foregiound is the slumping pipe 
and in the background the iron melt jet from the rest 
of the nozzle. 

Fig. 19 shows the temperature history measured 
with two thermocouples (no. 55 and 56, see Fig. 17) 
and thermography on the surface of the nozzle im
mediately before the pipe broke. Both thermocouples 
are placed below the break point at the same level, 
about 10 mm above the nozzle/pipe welding, and the 
thermography spot was chosen to be at the break 
point. 
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Fig. 18: Experiment 03/1. Destruction of the drain 
line. Sequence of video and IR pictures, 
b): Infrared thermogram, a) and c): Video 
pictures. 

The correction of the raw thermography data was 
only made using the temperature data of the thermo
couples no. 1, 2, 4 and 5, since only these were visi
ble for the infrared scanner. The good agreement 
between the corrected thermography data and the 
temperatures of thermocouples no. 55 and 56, con-
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firms, that the correction is also valid for other meas
urement spots. 
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Fig. 19: Experiment 03/1. Temperatures on the sur
face of the nozzle near the break point. 

All melt carriers, the thermite reaction vessel, the 
test vessel and the melt catcher below were instru
mented with load cells. Fig. 20 shows the mass de
crease of the reaction vessel at the time of pouring 
and the mass increase of the catcher starting about 5 
s later. As a test, Fig. 21 shows the mass balance 
which is the sum of the weights of all carriers. The 
sum is roughly equal to 800 kg at the times 0 and 
after 85 s - as expected. The decrease between oc
curs when the melt resides partially inside the pouring 
channel. 

Fig. 20: Experiment 03/1. Weight signals from the 
load cells of the thermite reaction vessel 
(RV) and the melt catcher (MC). 

A preliminary inspection of the test plate and of 
the temperature histories indicates the following: The 
flowing melt caused erosion on the bottom plate by jet 
impingement. The hole diameter was enlarged at its 
upper part. The wall thickness and of the upper part of 
the tube was reduced considerably. The nozzle was 
almost completely eroded. It was surmised, that the 
steel structures had been quickly eroded by the flow
ing melt. This agrees with the temperature histories at 

the thermocouples inserted in the nozzle wall (Fig. 17 
and 22). These sensors failed, obviously by contact 
with the melt, before the melt temperature could be 
measured. A blockage of the drain line did not occur 
in the short time of melt flow, but a layer of solidified 
iron can be seen inside at the lower end. 
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Fig. 21: Experiment 03/1. Mass balance of the melt 
during the pouring period. This is the sum of 
all load cell data at the same time, which 
must be a constant. The minimum in the time 
60 - 85 s indicates, that parts of the melt are 
inside the pouring channel, which was not 
instrumented with load cells. 
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Fig. 22: Experiment 03/1. Temperature histories of 
three thermocouples at the nozzle until their 
failure. For the numbering see figure 17. 

3 Conclusions 

The project CORVIS embraces the investigation of 
the in- and ex-vessel processes at the time of a RPV 
lower head melt-through as far as these events are 
relevant to the further development of a core melt 
accident. In particular, there are no measures of acci
dent management simulated in the experiments. In 
view of the international research on RPV lower head 
failure, CORVIS is presently unique with respect to its 
aims and its experimental approaches. The objectives 



of this project are recognized by the scientific com
munity. Most of the requirements on the experimental 
technique can be fulfilled with the present facility. In 
particular, large scale experiments on models of reac
tor-typical lower head penetrations can be performed 
with a realistic dimensioning of the cross sections and 
of the RPV wall thickness. Experiments of this type 
can also be carried out with a purely oxidic melt. A 
higher power supply for the electric arc heater will be 
necessary for experiments in which melting through of 
the bottom plate of the test vessel is intended. The 
new power supply and the necessary modifications to 
the arc heater will be installed in the year 1995. Metal
lurgical and chemical post-test analyses of the test 
plates provide valuable insights into the structural 
morphology of the steel and about diffusion processes 
caused by thermal loads. In the analytical part of the 
CORVIS project a computational model of RPV failure 
is developed as a tool for the analysis of severe acci
dents. The modelling includes heat conduction in solid 
structures, fluid dynamics of the melt and non-linear 
structural mechanics. The models are tested against 
the experiments. Progress has been made in the 
simulation of correct boundary conditions for the 
thermal losses and in the calculation of thermally 
driven melt flow. 
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ABSTRACT 

A series of aerosol tests was performed at the Labo
ratory for Safety and Accident Research (LSU) at the 
Paul Scherrer Institut (PSI) to verify the aerosol reten
tion efficiency of the Advanced Sulzer Containment 
Venting Filter System. The tests determined how ra
dioactive aerosol particles, which were simulated by 
use of inactive tin dioxide particles, would be filtered 
under conditions more extreme than those expected 
to occur inside a light water reactor containment dur
ing a severe accident. The particles were generated 
using an evaporation and condensation technique. 
The filter system, tested at the design conditions, was 
shown to achieve minimum decontamination factors 
of 48700 and 195000 respectively, depending on the 
filter type. A special test indicated that aerosol release 
from the filter system, due to resuspension from 
highly contaminated filter water, did not take place. 
The main conclusions of the program and the results 
of the tests conducted between September 1993 and 
August 1994 are presented. 

1 Introduction 

SULZER THERMTEC AG (Sulzer) has developed, 
during the period 1988-1991, an aerosol filter system 
[1] to be used when the containment of a nuclear 
power plant is vented, for pressure regulation pur
poses. The filter system should limit the activity re
lease from the containment into the environment dur
ing a severe accident as postulated in a Light Water 
Reactor (LWR). 

The Laboratory for Safety and Accident Re
search (LSU) at PSI provided Sulzer with an aerosol 
generator and participated in the early development 
phase of the filter. Sulzer generated aerosol particles 
by suspending iron oxide or titanium dioxide powder in 
an air stream which was then mixed with steam. 

Tiiis filter was subsequently further developed by 
Sijizer to the advanced filter system described in this 
paper. 

In addition to the qualification program performed 
by Sulzer it was envisaged to test the advanced filter 
system under more extreme parameters. The pa
rameters of concern are the aerosol particle shape, 
size distribution and composition. 

The particles generated during a LWR severe 
accident will be formed by a rapid condensation of a 
very hot (-1800 °C) mixture of fission product and 

core structural vapor when it reaches a colder section 
of the reactor vessel. 

As PSI has built and operated an aerosol gen
eration facility which is able to produce the particles 
using the evaporation-condensation technique, an 
agreement was reached in 1993 to conduct an ex
perimental program to demonstrate the efficiency of 
the advanced filter system under extreme boundary 
conditions. 

The program was successfully completed with a 
total of 18 tests between September 1993 and August 
1994. The tests i) established the characteristics of 
the discharge devices which determine the pressure 
and gas flow-rate at the inlet side (thermal-hydraulic 
tests), ii) provided supportive data for the main aero
sol tests, iii) provided the aerosol retention capability 
of the filter system under design conditions, and iv) 
investigated the efficiency of the filter system under 
resuspension conditions. In summary, a total of 7 
main aerosol, 1 resuspension and 10 thermal-hydrau
lic and supportive tests were performed. 

2 The Advanced Sulzer Filter System 

The Sulzer filter system tested at PSI is schematically 
presented in Figure 1. Two different configurations, 
namely, high pressure and low pressure, were tested. 
The configurations are identical, except that the geo
metrical dimensions of some of the internal compo
nents are slightly different. The high pressure configu
ration is designed to vent pressurized water reactor 
(PWR) containment and the low pressure configura
tion is designed for boiling water reactor (BWR) appli
cations. 

The internal components of the filter system 
tested at PSI were, with respect to height and in cross 
sectional area per orifice, a 1:1 representation of the 
components in the units to be commercially available 
in the future. 

3 Description of the Facility 

The filter system was integrated in the aerosol gen
eration loop operated by PSI. The loop, schematically 
shown in Figure 2 provides aerosol particles of up to 
three components mixed with a gas composed of 
steam and nitrogen in a prescribed proportion. The 
outlet of the loop can easily be connected to any one 
of the test loops currently in use. 
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Fig. 1: Schematic Diagram of the Sulzer Filter Sys
tem tested at PSI 

3.1 Aerosol Generation System 

The main mechanisms in generating aerosol particles 
are first to evaporate a material at very high tempera
ture and then to condense the vapor by means of a 
cold gas. High temperature is obtained using a 
plasma, shown in Figure 3, which is generated with a 
plasma torch. The plasma is confined in a reaction 
chamber which is lined with a refractory material. The 
simulant material is fed into the reaction chamber by 
using a powder feeder. The components of the aero
sol generation system are schematically shown in 
Figure 4. A flow of cold nitrogen gas is introduced just 
in front of the reaction chamber in order to cool the 
vapor suddenly, causing aerosol particles to form. 

In the aerosol generation system, particles of 
cesium iodide, cesium hydroxide, tin dioxide and 
manganese oxide and any combination of up to three 
components can be generated. Sulzer specified tin 
dioxide (Sn02) particles as the test aerosol. 

Depending on the total gas flow rate and tin 
powder feed rate, Sn02 aerosol particles with an aero
dynamic mass median diameter (AMMD) in the range 
of 0.7 to 2 u.m can be generated. 
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Fig. 2: Aerosol Generation Loop 
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Fig. 4: Aerosol Generation System Components 



3.2 Instrumentation, Data Acquisition 

The aerosol generation loop and the filter system are 
extensively instrumented (Figure 5) to provide the 
information necessary to determine the steam and 
non-condensable gas mass and energy balance, to 
characterize the aerosol particles as well as to de
termine the decontamination factor (DF) which is de
fined to be the ratio of the aerosol mass entering to 
that leaving the filter system. 

The characterization of the aerosol particles is ac
complished using the following on-line and off-line 
devices: 

• Three photometers: One is attached to the mixing 
chamber, the other two are attached at the inlet 
side and outlet side of the filter system respec
tively. The photometers continuously monitored 
on-line relative aerosol concentrations. 

o Two Andersen high-pressure, 8-stage cascade 
impactors: The impactors provided the aerosol size 
distribution at the inlet and outlet side of the filter 
system. The AMMD was determined using the size 
distribution and the impactor characteristics. 

• Two single filter devices: Each device contains a 
filter membrane of 0.2 u.m pore size. The evalua
tion of the filter membranes provided integral aero
sol concentration at the inlet and outlet sides for a 
prescribed time span. 

• Two filter units: Each unit contains 6 filter devices. 
The evaluation of the filter membranes in these 
devices provided local aerosol concentrations at 
the inlet and outlet sides throughout the test. 

The aerosol generation process, the steam and 
non-condensable gas flow into the aerosol generation 
system, the aerosol-gas-steam mixture flow rates and 
the aerosol measurement systems are controlled by a 
PC-based process control system. 

4 PSI/SuIzer Experimental Program 

4.1 Introduction of the Test Matrix 

The 18 tests performed at PSI are shown in Table 1. 
The tests are classified into five main groups: 

- 6 main aerosol tests, 

- 1 aerosol test to determine the characteristics of 

the pre-separator, 

- 1 resuspension test, 

- 6 thermal-hydraulic tests to determine the flow 
characteristics at the orifice assembly, 

- 4 supportive tests. 
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Fig. 5: Aerosol Loop and Filter System Instrumentation 



T e a 
No. 

S_01 

S_02 

S_03 

S.04 

S_05 

S_06 

S_07 

S_08 

S_09 

S_10 

S_11 

S_12 

S_13 

S_14 

S_1S 

S_16 

S_17 

S_18 

Configuration 

Type 

ND 

NO 

NO 

HO 

HD 

HD 

HO 

HO 

HD 

HD 

HD 

HD 

HD 

NO 

HD 

HD 

ND 

ND 

EA 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

ES 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

VF 
Description 

| therm.-hydr.Test 

|tfierm.-bydr.Test 

X 

X 

X 

X 

X 

therm.-tiydr.Test 

Supportive Test 
ni VF 
Supportive Test 
Ol VF 

therm.-hydr.Test 

Supportive Test 

Main Aerosol Test 

Main Aerosol Test 

Main Aerosol Test 

therm.-hydr.Test 

Aerosol-Test Ol VF 

Supportive Test 

therm.-hvdr.Test 

Main Aerosol Test 

Main Aerosol Test 

Main Aerosol Test 

Resusponsion Test 

Diameter 
ot Orifice 

Assembly, 
mm 

21 

21 

21 

18 

18 

18 

18 

18 

18 

18 

18 

1B 

18 

35 

18 

18 

21 

21 

Prossure, 
bar 

1.2-2.0 

1-Z-ZS 

12-3.0 

3.3-5.0 

4.0 

1.4-S.O 

1.6 

1.6 

1.6 

1.7 

5.0 

1.9 

1.7 

1.3-2.0 

S.O 

5.0 

3.0 

3.0 

Total 
Row 
Rate, 
kg/h 

88-253 

86-420 

87-500 

305467 

351-344 

91-435 

130 

143 

133 

147 

582 

496 

194 

304-718 

563 

583 

495 

187 

Steam 
Mass 

Fraction, 
% 

100 

60 

50 

83-55 

70 

50 

50 

47 

S4 

S3 

42 

52 

52 

50-35 

44 

43 

SO 

50 

HD s High Pressure Configuration EA = End-Seperator Stage 
ND = Low Pressure Configuration ES = Entrance-Separator 
VF^Pre-SerxTjtor . . 

Table 1 : Filter System Tests, Specifications and 
Measured Main Thermal-Hydraulic Values 

4.2 Test Procedures 

The water in the wet-scrubber stage was brought to 
the saturation temperature before the test began. The 
tests were performed in three or four distinct phases. 
The first phase, Phase 0, provided information on the 
background contamination. The following phase, 
Phase A lasting about 1 h, was conducted at a nomi
nal water level of 1 m above the orifice assembly, 
followed by Phase B lasting about 0.5 h, at a reduced 
water level of 0.3 m (0.5 m during Test S_08). The 
first main aerosol test, Test S_08, was continued with 
the fourth phase, Phase C lasting 0.5 h, at a further 
reduced water level of 0.05 m. The continuation of the 
tests with reduced water level was conducted in order 
to address the question of whether the filter system 
would indicate a degradation in the retention effi
ciency. This is relevant to a situation when the water 
level in the real filter system continuously drops during 
an accident and the filter system can not be supplied 
with water. Under such conditions, the integral effi
ciency relies principally on the efficiency of the end-
separator stage. 

4.3 High Pressure Configuration Tests 

4.3.1 Main Aerosol Test S_08 

The objective of Test S_08 using the high pressure 
configuration was to investigate the aerosol retention 
behavior of the filter system at a nominal pressure of 
1.6 bar and without using the entrance separator in 
the end-separator stage. 

During Phase A an aerosol concentration of 
13.8 g/m3 was measured. The AMMD of the aerosol 
particles at the inlet was determined to be 1.8 urn. 
The decontamination factor using the filter information 
was determined to be 50400. The average aerosol 
concentration was 6.4 g/m3 and a DF of 46300 was 
measured during Phase B. Phase C yielded an aero
sol concentration of 15.4 g/maand a DF of 74770. The 
variation in aerosol concentration between the phases 
was due to instabilities in the aerosol generation sys
tem but did not influence the filter system perform
ance. 

4.3.2 Main Aerosol Tests S_09 and S_10 

The objective of Test S_09 was to repeat Test S_08, 
but with the entrance separator built into the end-
separator stage. However, a severe background 
contamination in the filter system encountered during 
S_09 necessitated a repetition of the test. Prior to 
Test S_10 the filter system was properly cleaned by 
leaching all the previously deposited aerosol particles 
on the surfaces of all the components. The test was 
conducted in a similar manner to Test S_08 except 
that the last phase was omitted. 

Average aerosol concentrations of 11.7 g/m3 

during Phase A and 9.3 g/m3 during Phase B were 
measured at the inlet of the filter system. The AMMD 
of the particles was measured to be 1.5 u.m. 

Although the inlet aerosol concentrations re
mained constant throughout both phases, the DF 
showed a decreasing trend during Phases A and B. 

The reason for this trend was found in the pre-
contamination of the filter system. The end-separator 
stage was already contaminated at the beginning of 
the experimental program with several differed aero
sol materials used during Sulzer's own program. 

4.3.3 Main Aerosol Tests S_15 and S_16 

4.3.3.1 Main Aerosol Test S_15 

The main purpose of this 5 bar test was to verify the 
efficiency of the end-separator stage at the design 
conditions. Test S_15 was planned in a similar man
ner to Test S_10 with three phases. However, prob
lems encountered in aerosol generation prevented the 
continuation of the test beyond Phase A. 

The post-test evaluation of the filter membranes 
from the filter devices at the inlet surprisingly indicated 
that they were not exposed, and the filter membrane 
from the filter device at the inlet was found to be rup
tured. As a result of these facts, the aerosol concen
tration at the inlet could not be directly measured but 
was deduced to be about 1.9 g/m3. However, the 
photometers and the impactors at the inlet and outlet 
sides functioned properly. The AMMD of the aerosol 
particles at the inlet side was determined to be 
1.1 urn. 

Figure 6 presents the relative aerosol concentra
tion signals provided by the inlet and outlet side pho-
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tometers. The outlet side photometer signal con
tinuously provided a signal within the noise level of 
this device. Existence of extremely small aerosol con
centration in the flow leaving the filter system was 
also confirmed by sampled masses taken from the 
outlet side impactor substrates and filter membranes 
which were either within the noise limits for these 
devices or less then the minimum detection limit of the 
chemical analysis. In order to calculate the DF, the 
outlet photometer signal was set to 1 % of its maxi
mum range. This resulted in a detectable DF of 
167500. 
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Fig. 6: Test S_15, Relative Aerosol Concentrations 
at the Filter System Inlet and Outlet Sides 

4.3.3.2 Main Aerosol Test S_16 

Test S_16 is a partial repetition of S_15 due to the 
problems encountered regarding the aerosol genera
tion system and the filter devices at the inlet. 

The average aerosol concentration was meas
ured to be about 2.1 g/m3. 

The photometer at the outlet side again provided 
a signal within the noise level. The chemical analyses 
of the filter membranes at the outlet side clearly indi
cated that the deposited mass lay either at about the 
detection limit of the chemical analysis, or was less 
than the deposited mass found on the filter mem
branes of the background measurement. The chemi
cal analyses of the impactor substrates also indicated 
that the impactor received no aerosol mass. This in
formation, therefore, supported the outlet photometer 
reading, which indicated that the aerosol mass in the 
outlet gas-steam mixture was not detectable. The DF 
was then determined by setting the outlet photometer 
signal to 1 % as before. Since the photometer signal 
was still seen to be within the noise levels, a minimum 
DF of 195000 was deduced. 

4.4 Low Pressure Configuration Test 

4.4.1 Main Aerosol Test S_17 

Test S_17 provided the filter system efficiency for the 
low pressure configuration conducted at 3 bar in the 
filter system inlet. 

An average aerosol concentration of 0.2 g/m3was 
measured at the inlet of the filter system using the 
filter devices during Phases A and B. The AMMD of 
the aerosol particles at the inlet side was determined 
to be 0.65 urn. Gravimetric and chemical analyses 
indicated that none of the outlet filter membranes and 
impactor substrates received a detectable aerosol 
mass. The inlet aerosol concentration shown in Fig
ure 7 during both phases stayed essentially constant 
The outlet photometer signal (Figure 7) during both 
phases remained within the noise level. This con
firmed that the aerosol concentration in the flow leav
ing the filter system was extremely small. 
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Fig. 7: Test S_17, Relative Aerosol Concentrations 
at the Filter System Inlet and Outlet Sides 

The DF was again determined by setting the 
outlet photometer signal to 1 % of its maximum range. 
The DF during Phase A was then determined to be 
higher than 48700 and during Phase B higher than 
85150. 

4.5 Aerosol Pre-separator Test S_12 

The purpose of Test S_12 was to determine the re
tention efficiency of the pre-separator alone as well as 
to investigate its thermal-hydraulic response. 

The test was performed in two phases: Phase 
À1, and Phase A2. The average aerosol concentra
tion was measured to vary between 2.4 g/m3 and 
5.1 g/m3 during Phase A1 and between 5.1 g/m3 and 
10.5 g/m3 during Phase A2. The increase in the aero
sol concentration during Phase A2, was due to an 
increased powder feed rate. The AMMD of the aero
sol particles was determined to be 1.5 urn during 
Phase A1. 



The DF showed results from 1.8 to 3.8 during 
Phase A1, and from 1.8 to 12.5 during Phase A2. The 
measured increase in the pressure drop across the 
pre-separator was a result of the reduction in the flow 
area. The presence of the increased inlet aerosol 
concentration implied the increase in the surface 
deposition. 

4.6 Resuspension Test S_18 

The aim of the resuspension test was to investigate 
the retention efficiency of the filter system if the 
steam-gas mixture could resuspend aerosol particles 
from a heavily contaminated filter system water. The 
filter system was conditioned by adding 4 kg of iron 
oxide (Fe203) before the test was initiated. The filter 
system was arranged for the low pressure configura
tion. The test was conducted first with a nominal wa
ter level of 1 m above the orifice assembly for 360 
minutes long and then continued with a reduced water 
level of 0.3 m for 120 minutes. 

Although airborne aerosol particles in the gas 
space were visually detected, the outlet photometer 
continuously showed a signal which was within the 
noise level. Existence of extremely small aerosol con
centration in the gas flow leaving the filter system was 
also confirmed by the evaluation of the filter mem
branes and impactor substrates which indicated that 
the sampled masses were smaller than the minimum 
detection limit of the chemical analysis. Therefore, it is 
concluded that the potential aerosol release out of the 
filter system due to resuspension phenomena, under 
the circumstance that the filter system water becomes 
heavily contaminated, is not an issue, regardless of 
the water level in the filter system. 

5 Measurement Characteristics 

The reliability of the test results depends on the accu
racy of the measurement systems. A high degree of 
accuracy is especially important for the measurement 
system located at the outlet side of the filter system 
when the filter system imposes a large decontamina
tion factor causing a very small amount of mass being 
released. In this case, the mass deposited on the filter 
membranes and impactor substrates is extremely 
small. 

Although the filter system and measurement 
systems were cleaned before conducting a test, it was 
extremely difficult to reach almost perfect cleanness. 
Therefore, the measurement of the background con
tamination is important. 

In order to investigate the minimum detection 
limit and the noise level of the filter devices, two tests 
were conducted: During the first test the filter devices 
were put in operation by sampling gas from stagnant 
ambient conditions existing in the main aerosol lines. 
The chemical analyses of the filter membranes indi
cated that careful preparation and handling of the filter 

device ensured a minimum detection limit which was 
equal to the minimum detection limit of the chemical 
analysis. 

The second test was performed while the gas 
flowed through the main aerosol line and by sampling 
the gas from the main aerosol line. Due to technical 
reasons, the measurements were done only at the 
inlet side but not using the devices located at the out
let side. The purpose of the second test was to de
termine the background contamination. The filter 
membranes from the test as well as two unused non-
exposed filter membranes were chemically analyzed. 
It was concluded that prior to the start of a test the 
determination of the existing background contamina
tion in the main aerosol line at the inlet side of the 
filter system as well as at the outlet side was very 
important in determining the noise level. 

Since background contamination could not be 
controlled and hence was different during every test, 
the background measurements conducted at the out
let and inlet sides received a special importance. As a 
result, if the filter membranes exposed in Phases A, B 
and C indicated more deposited mass than the mass 
found on the filter membrane of the background 
measurement, the background measurement was 
used to offset the Phase A, B and C values. Other
wise, it was accepted that the mass deposited on the 
filter membrane of the background measurement was 
the absolute minimum and determined the noise level 
for this test. If the mass found on any of the filter 
membranes belonging to Phases A, B and C was 
smaller than the noise level, then it was not used to 
determine the DF. 

This discussion is important for the 5 and 3 bar 
tests for which all the outlet filter membranes indi
cated that the deposited mass was smaller than the 
mass found on the background filter. Therefore, the 
DF could not be determined using the filter device 
information. However, this information helps to explain 
why the outlet photometer indicated continuously a 
signal within the noise level. 

In order to increase the deposited mass on the 
outlet filter membranes to a value where background 
contamination does not play a role, the measurement 
and test duration should have been extended by a 
factor of at least 10. Due to the aerosol generation 
system and other technical reasons, this was not 
possible. 

The decontamination factor was determined us
ing the concentration signal of the photometers within 
an absolute accuracy of ± 200, as long as the pho
tometer signal at the outlet side exceeded the noise 
level for this photometer. For the test S_12, the abso
lute accuracy was ± 0.2. 

6 Summary and Conclusions 

A summary of the main results is presented in Table 
2. Extremely small aerosol concentration in the flow 



leaving the filter system due to its very high retention 
efficiency could not be determined with the resolution 
of the current measurement system. This imposed the 
upper limit of the DF not being determined with a de
sired accuracy. The 8 h long resuspension test did not 
indicate any aerosol release from the very contami
nated filter system. 

Configuration of 
the filter system 
Pressure at the 
inlet 
AMMD at the inlet 
(urn) 
Decontamination 
factor (-) 

Low Pressure 

3 bar 

0.7 

>48700 

High Pressure 

1.6 bar 

1.7 

M6000 

5 bar 

1.1 

>195000 

The Sulzer filter system is found to be a very ef
fective aerosol removal device if it is used under the 
design conditions. It demonstrated minimum decon
tamination factors of 48700 and 195000 for the high 
and low pressure configurations respectively. 
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(um) 
Decontamination 
factor (-) 

0.7 

>48700 

1.7 

M6000 

1.1 

>195000 

Table 2: Summary of Key Results 





Teaching Activities and Lectures 

University Level Teaching 

In the framework of the enhanced co-operation be
tween PSI and the Universities, DR. W. KROGER, 
Professor for Safety Technology at the ETH Zurich, is 
heading the Nuclear Energy and Safety Research 
Department at PSI; DR. G. YADIGAROGLU, Professor of 
Nuclear Engineering at the ETH Zurich, is heading the 
Laboratory for Thermal-Hydraulics at PSI; DR. R. 
CHAWLA, Professor for Reactor Physics at the EPF 
Lausanne, will take over the leadership of the Labora
tory for Reactor Physics and Systems Engineering at 
PSI in summer 1995. Lectures of these persons at 
University level are not explicitly mentioned below. 

Swiss Federal Institute of Technology, Zurich 

DR. SMITH B.L. 

"Wärme- und Impulstransport in turbulenter Strö
mung", Vortragsreihe Wärmeübergang in der Energie
technik, SS94 

University of Geneva 

PD DR. DEGUELDRE C. 

"Comportement des radionuclides dans les eaux 
souterraines, aspects analytiques et physico-chimi
ques", WS94/95 

P D D R . DEGUELDRE C. 
"Impact des réacteurs nucléaires sur l'environne
ment", WS94/95 

Teaching Activities at other Schools and 
Colleges 

DR. BROGLI R. 

"Combustible Nucléaire", Cycle d'Etudes Postgrades 
Postgrades en Energie, EPFL, Lausanne, SS94 

HEYCK H. 
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"Risk Analysis: PSA/QRA Methodology", Cycle 
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"Numerical Simulation in Fusion Reactors", RPI, Troy, 
N.Y., USA, April-May 1994 

Talks* 
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"Overview on CSNI-Separate Effects Tests Validation 
Matrix", 5th Code Application and Maintenance Pro
gram (CAMP) Meeting, Idaho Falls, Idaho, USA, Oc
tober 19-21,1994 
1 University of Pisa, Italy 
2GRS, Garching, Germany 
3CEA/IPSN, Fontenay-aux-Roses, France 
4 AEA Technology, Winfrith, UK 
5Studsvik, Nykoping, Sweden 

AKSAN N. 

"Proposal for some new Activities (TG-THSB)", 
Meeting of OECD/CSNI Principal Working Group 2 on 
Coolant System Behavior, Paris, France, September 
29-30, 1994 

AKSAN N. 

"Summary Report of Activities (93/94) of Task Group 
on Thermal-Hydraulic System Behavior", Meeting of 
OECD/CSNI Principal Working Group 2 on Coolant 
System Behavior, Paris, France, September 29-30, 
1994 

ALDER H.P. 
"Prevention of Ignitions in the LWR-Containment At
mosphere under Severe Accident Conditions by Car
bon Dioxide Inertization", Specialists Meeting on Se
lected Containment Severe Accident Management 
Strategies, Stockholm, Sweden, June 13-15,1994 

ANALYTIS G. TH. 
"Contribution to the Development and Assessment of 
RELAP5/Mod3: Problem Areas and Model Improve
ments", Atomic Energy Control Board (AECB), Ot
tawa, Canada, August 26,1994 

ANALYTIS G. TH. 

"Development and Assessment of a Modified Version 
of RELAP5/Mod3: A Search for Excellence", The 
RELAP5 International User's Seminar, Baltimore, 
Maryland, USA, Aug. 29-Sept. 1,1994 

BANDURSKI T., FERRONI F.1, CODDINGTON P., VARADI G. 
"Swiss Activities on the Development of Containment 
Protection Features in Case of Severe Accidents and 
the Experimental Investigation of Long-term Passive 
Decay Heat Removal System", IAEA TCM, Moscow, 
Russia, May 10-13,1994 
' Elektroware Engineering, Zurich, Switzerland 

Including: Workshops, Specialist Meetings, and Conferences 
(without published Proceedings) 



BART G., GEBHARDT O., AERNE E.T., MARTIN M. 
"Experience in the Application of a Shielded Secon
dary Ion Mass Spectrometer for Nuclear Reactor 
Material Research", IAEA TCM on Recent Develop
ments of Post-Irradiation Examination Techniques for 
Water Reactor Fuel, Cadarache, France, October 17-
21,1994 

BARTEN W. 

"Konzept eines linearen Respons-Modells für Trans
port in einem Kraftwerknetz", Colenco Power Consult
ing AG, Baden, Switzerland, November 3,1994 

BERNER U. 

"Entsorgung radioaktiver Abfälle", Pilotprojekt Som
merschule des PSI, Switzerland, July 4,1994 
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"Dytrac Dynamics of Transport and Transformation of 
Colloids and Particles in Lago Ceresio (Lake Luga
no)", SPP Umwelt, FNRS, Burgdorf, Switzerland, 
November 15,1994 
1 Institute F.-A. Forel, Versoix, Switzerland 
2 University of Lausanne, Switzerland 
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4 Inst. Cantonale Batteriosierologico, Lugano, Switzer
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BROGLI R., CHRISTEN R., HAMMER J., HEYCK H., 
LEHMANN E., WIEZEL L. 
"SAPHIR, How it ended", 59. AFR Sitzung, Bonn, 
Germany, October 12-13,1994 

BROGLI R. 
"Fast Reactor Research Activities in Switzerland", 
IAEA, International Working Group on Fast Reactors, 
Vienna, Austria, May, 17-19,1994 
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A., HOFER R., SCHLEUNIGER P. 
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Recent Developments on Post-Irradiation Examination 
Techniques for Water Reactor Fuel, Cadarache, 
France, October 17-21,1994 

BRUCHERTSEIFER H., BART G., DÔHRING L., GÖRLICH 
W., STEINEMANN M. 
"Zementierung salpetersaurer wässriger Actiniden-

Lösungen", Vortragstagung der Fachgruppe Nu-
clearchemie der Gesellschaft Deutscher Chemiker, 
Berlin, Germany, September 5-7,1994 

BRUCHERTSEIFER H. 
"Konditionierung radionuklidhaltiger wässriger Lösun
gen", Fachgruppe Radiochemie der Freien Universität 
Berlin, Berlin, Germany, January 21,1994 

BRUCHERTSEIFER H., BARTG. 
"FIXBOX - Ein multivalentes Verfahren zur Konditio
nierung actinidenhaltiger wässriger Abfallösungen aus 
der Forschung", Jahrestagung Kerntechnik '94, Stutt
gart, Germany, May 17-19,1994 

BRUCHERTSEIFER H., BARTG. 
"FIXBOX, A new Versatile Conditioning Technique for 
Apha-emitting Liquid Wastes from Research Labora
tories", EU Working Group Meeting "Hot Laboratories 
and Remote Handling", Mol, Belgium, June 14-15, 
1994 

CONTI A.1, PILLON S.1, LECOMTE M.2, INGOLD F. 
"The 45% Pu Content Oxide Solubility", 2nd Interna
tional CAPRA Seminar, Karlsruhe, Germany, Sep
tember 21-22,1994 
1CEA/DRN, Cadarache, France 
2CEA/DCC, Fontenay-aux-Roses, France 

DE CACHARD F. 
"Performance and Stability of Small Diameter Airlift 
Pumps: Experiments and Analysis", European Two-
Phase Flow Group Meeting, Piacenza, Italy, June 6-8, 
1994 

DEGUELDRE C. 
"Colloid Properties in Groundwater from Crystalline 
Basement of Switzerland", 14th CoCo-Club Meeting, 
Richmond upon Thames, UK, April 1994 

DEHBI A., GCINTAY S. 
"Simulation of Pool Scrubbing Experiments using 
BUSCA", 3th International Conference on Contain
ment Design and Operation, Toronto, Canada, Octo
ber 1994 
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"Life Cycle Analysis of Energy Systems", European 
Community Program for Education and Training in 
Technology (COMETT), University of Palermo, îtaly, 
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"Greenhouse Gas Emission Inventory Based on Full 
Energy Chain Analysis", IAEA Advisory Group Meet
ing on "Full-Energy-Chain Assessment for Nuclear 
and other Energy Sources", Beijing, China, October 3-
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1 ETH Zurich, Switzerland 



FOSKOLOS K. 
"Thesen zur gesellschaftlichen Legitimierung ökolo
gisch riskanter Produktions- und Standortentscheidun-
gen", 7. oikos-Konferenz Umwelt und Risiko, St. 
Gallen, Switzerland, June 30 - July 2,1994 
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