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FOREWORD 

The Council of the European Union adopted with its decision 94/920/Euratom of 15 December 

1994 (O.J. N° L 361 dated 31 Dec. 1994, pp. 143­145) the specific programme "Nuclear 

Fission Safety 1994­1998" under a framework programme of Community activities in the field 

of research and training for the European Atomic Energy Community (Euratom) 1994­19981. 

The specific programme "Nuclear Fission Safety" which has a total budget of 170.5 million 

ECU consists of five research areas: Α­Exploring Innovative Approaches; B­Reactor Safety; 

C­Radioactive Waste Management and Disposal and Decommissioning; D­Radiological Impact 

on Man and the Environment; E­Masterinç Events of the Past. Ό 

This report covers the progress of the 62 multi-partner research projects running in 1996, for 
the area Α, Β and C of the programme, under the responsibility of European Commission Unit 
XII/F/5 "Nuclear Fuel Cycle, Radioactive Waste". 

The running contracts are those resulting from the selection procedure of the proposals 
received at the first deadline of the call for proposals on shared cost projects and concerted 
actions. 

Cooperation among teams within the Member States is assured through the presence of at least 
two partners from different countries. 

The programme also includes awards of training and mobility grants, as well as international 
cooperation agreements and concerted actions with states outside of the European Union. 

The European Commission is assisted in the implementation and the management of the 
programme by the Consultative Committee for the Programme (see the annexed list 
Committee members). 

A total of 20 "clusters" have been set up for the areas Α, Β and C to assure the best follow up 
of groups of projects covering special items of the programme. 

An introduction to each area of research gives a general overview of the objectives and items 
being developed. The objectives, the working programme and a synopsis of progress and 
results achieved for each contract in 1996 are presented as prepared by the contractors, under 
the responsibility of the project coordinator. 

The European Commission wishes to express its gratitude to all scientists who have 
contributed to this report. 

R. Simon 
Programme Manager for the Areas Α, Β and C 

' Council decision 94/268/Euratom of 26 April 1994 - O.J. N° L 115 of 6 May 1994, pp. 31-37. This Euratom 
framework programme is linked to activity one of the Fourth Framework Programme of the EC. RTD activities 
1994-1998 (Co-decision N° 1100/94/EC of the European Parliament and of the Council of 26 April 1994-OJ. N° L 126 
of 18 May 1994). 
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PROGRESS OF THE R&D WORK 

on: 

A - Exploring Innovative Approaches 

Β - Reactor Safety 

C - Radioactive Waste Management and 
Disposal and Decommissioning 





AREAA 

EXPLORING INNOVATIVE APPROACHES 





A, EXPLORING INNOVATIVE APPROACHES 

INTRODUCTION 

The activities in this area are aimed at exploring and developing new concepts for further improving 
the safety of nuclear reactors and the fiael cycle, including innovative strategies for the reduction of 
the radiotoxicity of nuclear waste. They should also provide a basis for industry to select those 
features which best reply to the development trends of future nuclear installations. 

The following research tasks are being undertaken: 

A.1 Conceptual Reactor Safety features 

Assessment of new, especially passive and inherent conceptual safety features with regard to their 
feasibility and their contribution to the overall safety of a nuclear plant. 

A.1.1 Passive decay heat removal : problems of natural convection, flow stability, stratification 
and mixing due to small driving forces, specific heat transfer problems, influence of incondensable 
gases. Special emphasis on structural integrity aspects. Code development and validation. 
A.1.2 Passive safety measures : initiation, depressurisation and injection measures e.g. self-
powered or self-acting valves, steam injection pumps. 

A.2 Fuel Cycle Concepts - Partitioning and Transmutation (P&T) 

Investigation of alternative fuel cycle concepts with regard to waste minimisation, actinide burning 
and safeguards. Evaluation of the impact of P&T on waste management, contribution to the 
development of new separation techniques, assessment of different transmutation techniques from 
the point of view efficiency and safety. 

A.2.1 Strategy studies : potentialities of different fuel and P&T strategies on the use of 
resources, the reduction of the inventory of long-lived radionuclides and waste production. Studies 
of partitioning and transmutation scenarios, waste conditioning storage and disposal. Assessment 
of different devices for transmutation. Studies to investigate fission product retention capabilities of 
the fuel, especially with regard to direct storage. 
A.2.2 Partitioning techniques : flow sheets to separate actinides including the stability of 
extractants to radiation, of various aspects of P&T. application e.g. secondary waste, additional 
shielding requirements for fuel and waste handling, proliferation. 
A.2.3 Transmutation techniques : Investigation of fuel/target fabrication problems, of the 
physics and safety aspects of different transmutation devices. 

For each of the two sub-areas a "CLUSTER" has been created, where projects on the same topic 
are grouped: 
• A.l- Conceptual reactor safety features - ΓΝΝΟ; 
• A.2- P&T strategy studies and transmutation experiments - TRANSMUT. 





Α.1.1-1 Thermalhydraulics of large pools with immersed heat exchangers and natural 
convection heat transfer - POOLTHY 

Contract No: FI4I-CT95-0003 Duration : 1 Jan. 1996 - 31 Dec. 1998 
Coordinator : D. Tenchine, CEA, Grenoble/FR 

Tel.:+33-476 883085 - Fax.:+33-476 885045 
E-mail: tenchine@cea.fr 

Partners : FZK Karlsruhe/DE, Univ. "Victoria" Manchester/GB, 
Univ. "La Sapienza" Roma/IT 

A. OBJECTIVES AND SCOPE 
New safety requirements for the next generation of nuclear power plants are 

formulated. Among them, the use of passive decay heat removal systems has to be investigated, 
as for: 

the secondary condensing systems (SCS) with condensers immersed in pools 
the sump cooling through immersed heat exchangers and condensers after core 
meltdown, in case of a severe accident 
the emergency core cooling systems coupling immersed heat exchangers and condensers 
in a passive circuit 
Based on separate effect experimental studies, the POOLTHY project will provide a 

data bank for code validation. The following aspects will be addressed : efficiency of immersed 
heat exchangers operating at low pressure in a two-phase flow regime, natural convection in 
pools with local boiling conditions, efficiency of condensers for steam/gas mixtures, and 
coupling of the previous processes in a passive circuit. 

B. WORK PROGRAMME 
B.l Immersed Heat Exchangers at low pressure 

The EPICE test facility will be used to investigate the thermalhydraulic behaviour of 
immersed heat exchangers operating at low pressure in two-phase natural circulation. 
The expected information from the tests is : (i) heat transfer correlations along a vertical 
tube immersed in a pool, for the various two phase flow regimes, (ii) critical heat flux 
as a function of the steam quality, and (iii) interaction between two phase heat transfer 
process along the vertical tube and natural circulation in the pool. 

B.2 Pool natural convection with local boiling conditions 
The SUCOT test facility will be used to investigate the short term two-phase 
phenomenology of the natural circulation within a flooded spreading compartment. 
Several separate effect tests under steady state and transient conditions will be 
performed to investigate : subcooled and saturated pool boiling, flow aspects (pattern, 
flashing, instabilities), formation and collapse of bubbles and influence of non-
condensable gases on boiling behaviour. A data base for development and validation of 
advanced multi-dimensional computer codes will be elaborated. 

B.3 Condensation heat transfer for steam/gas mixtures 
Several separate effect tests will be performed at the MUCON facility to investigate the 
effects of geometry and arrangement of heat transfer surfaces on the efficiency of 
vapour removal by condensation from flowing steam mixed with known quantities of 
air. Methods of enhancing the condensation process by means of extended surfaces or 
mixing devices will also be examined. 

B.4 Coupling of previous processes 
In this task the global thermal hydraulic behaviour of the passive Emergency Core 
Cooling System (ECCS) of the innovative MARS reactor will be investigated. A test 
facility will be designed and constructed to this end (QUSCOCS), which will be used to 
execute a tests matrix previously defined. The experimental data will be available for the 
validation of computer codes applied to passive heat removal through heat exchangers 
immersed in a pool and condensation of steam-gas mixtures. 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

Summary of main issues 

The four work-packages of the POOLTHY project are concerned with new test faculties to 
provide a data bank for code validation. 
The first phase of the project has consisted in building the four test facilities. At the end of 
1996, the situation is the following : 
the construction of the EPICE, SUCOT, MUCON and QUSCOCS test facilities is 
completed or nearly completed 
the final design reports of the four test facilities are produced 
the commissioning tests are performed from December 1996 to March 1997 for the four 
test facilities 
the testing phase is planned to start from January 1997 for SUCOT (first one) to April 1997 
for EPICE (last one). 
The delay of few months during the construction phase is not critical as the 3 years project 
is sufficient to perform the test program. 

C.l Immersed heat exchangers at low pressure 

The EPICE test facility is described in the EPICE design report (Ref [1]). The EPICE 1 
tests will be performed with an electrical heated pin and the EPICE 2 tests will be 
performed with a heat exchanger tube (Figure 1). 
The detailed design was achieved by mid 1996 and the construction of the EPICE 1 test 
facility will be completed by March 1997. 
The EPICE circuit is including a production of demineralized and deaerated water to fill 
the main circuit. The fabrication of the various components of the circuit was achieved by 
October 1996. 
The main difficulty was the realization of the EPICE 1 test faculty with the fabrication and 
the instrumentation of the electrically heated pin, and the instrumentation of the glass 
made housing tube. These elements were successfully installed in December 1996. A 
specific instrumentation is mounted along the heated pin to detect rapidly the dry out 
situation to prevent the destruction of the pin. 
At the end of 1996, the construction of the EPICE 1 test facility is nearly completed. 
During February and March 1997, the electrical connections, the insulation and the 
installation of the measurement lines will be realized. 
The commissioning tests are scheduled for March 1997 and the testing phase on EPICE 1 
test section should start in April 1997. 

C.2 Pool natural convection with local boiling conditions 

The SUCOT test facility is described in the SUCOT design report (Ref. [2]). The SUCOT 
test section is a volumetrically similar representation of the core melt spreading 
compartment at a power scale of 1:356 (figure 2). 



The building up of the SUCOT test section was achieved by July 1996, as for the cooling 
circuits the installation was finished by September 1996. 
An original aspect of the SUCOT experiment is that the front wall and the back wall of the 
test facility are made of large glass windows allowing for flow visualization. Various 
flanges are provided to introduce instrumentation. 
An important part of the work consisted in the preparation of the instrumentation : 
thermocouples, Laser Doppler Anemometer, impedance probes, optical probes. An 
associated data acquisition system was developed and installed by November 1996. This 
instrumentation will allow the local measurement of the velocity and temperature fields, 
the void fraction and the bubble sizes. 
At the end of 1996, the commissioning tests are in progress on the SUCOT experiment. 
The testing phase will start early in 1997, by performing steady state tests. 

C.3 Condensation heat transfer for steam/gas mixtures 

The MUCON test facility is described in the MUCON design report (Ref. [3]). The 
MUCON test section is installed on a previous facility to measure the efficiency of 
condensation on staggered horizontal, inclined or vertical tubes or plates (Figure 3). 
The design, construction and commissioning of the modified loop were carried out during 
the period January 1996 to September 1996. A new circulation pump and a new 
condenser were chosen to replace the existing one. In parallel with this some 
refurbishment work was carried out : cleaning the degassing column, the boñer and 
associated pipework, checking the electrical systems. 
The new test section and the associated air supply system were designed during the same 
period. The test section is made from a pyrex vessel which allows visualisation of the 
condensation behavior on the cooled plates. The instrumentation is mainly composed of 
flowmeters to measure the different flowrates (steam, gas, condensate, cooling water), and 
thermocouples mounted on the condensing plates and at the inlet and outlet of the test 
section to evaluate the efficiency of the condensation process. 
The construction of the test section is in progress at the end of 1996, as for the air supply 
system the work will start early in 1997. 
The commissioning tests will commence during February 1997 and the testing phase is 
scheduled to begin in March of April 1997. 

C.4 Coupling of previous processes 

The QUSCOCS test facility is described in the QUSCOCS design report (Ref. [4]). The 
QUSCOCS test section consists of a transparent tank with immersed bended tubes of 
different materials and with various angles (Figure 4). 
The detailed design of the test facility and the purchasing phase are completed at the end 
of 1996. Most of the components and materials are available. 
Some problems have been encountered during the manufacturing of the polycarbonate 
transparent tank, and this component has been re-manufactured. This tank has a maximum 
content of 100 ht ers of water, open at the upper side to maintain the atmospheric pressure 
and with all the connections located at the bottom side. Different types of tubes, 1 m long, 
may be assembled in the tank. The tubes to be tested will be bended with different angles ; 



different materials will be used and tests to evaluate the effect of surface finishing are also 
scheduled. 
The instrumentation has been purchased, mainly thermocouples and flowmeters to 
establish the heat transfer efficiency. 
The construction of the test section has started in November 1996 and the assembly of the 
experimental facility will be completed in February 1997. 
After the commissioning tests planned for February 1997, the testing phase will start in 
March 1997. 

References 
[1] BERTHOUX, M, INNO-POOLTHY Report P005 (1996) 
[2] KNEBEL, JU, INNO-POOLTHY Report P003 (1996) 
[3] JACKSON, JD, INNO-POOLTHY Report P002 (1996) 
[4] CARUSO, G and NAVIGLIO, A, INNO-POOLTHY Report P004 (1996) 
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A.l.1-2 Assessment of passive safety injection systems of advanced light water reactors 
APSI 

Contract No: FI4I-CT95-0004 Duration : 1 Jan. 1996 - 31 Oct. 1998 
Coordinator : J. Tuunanen, VTT Energy, Espoo/FI 

Tel.:+358-5 621 23 72 - Fax.:+358-5 621 23 79 
E-mail: jari.tuunanen@vtt.fi 

Partners : AEA Tech. Dorset/GB, Univ. Pisa/TT, Univ. Lappeenranta/FI 

A. OBJECTIVES AND SCOPE 
In many Advanced Light Water Reactors (ALWRs), pump driven Emergency Core 

Cooling Systems (ECCS) are replaced by gravity driven passive safety injection systems. The 
performance of these passive systems in accidental conditions, particularly Loss of Coolant 
Accident (LOCA), must therefore be investigated in order to assure that it will achieve the 
desired functions. 

This project is based on experiments carried out in the PACTEL integral test facility on 
the performance of a passive core make-up tank (CMT). Of particular interest are the 
phenomena occurring in the CMT, such as possible rapid condensation and temperature 
stratification of water. The work to be done consists of : 

a review of ALWR thermal-hydraulic phenomena of interest and the evaluation of 
current system code capabilities in modelling them; 
the execution of experiments with gravity driven core cooling (CMT) and the analysis 
of the experimental data; 
the validation of computer codes (APROS, CATHARE, RELAP5) 

Β. WORK PROGRAMME 

B.l Review of thermal-hydraulic phenomena and evaluation of system code capabilities 
Based on the existing experience, the applicability of available computer codes for 
modelling passive safety injection systems, will be reviewed, and the results will serve 
as a basis for the specification of the test parameters. 

B.2 Experiments on passive safety injection systems performance 
The experimental part of the project will be performed at the PACTEL facility. Since 
PACTEL does not model any of the proposed passive ALWR designs, the 
investigation will focus on phenomenology, and the CMT will be used to simulate the 
gravity driven flow to the primary system. Three series of tests are planned to 
investigate the effects of break sizes and location, the CMT size, and the CMT 
elevation. The experimental data produced will be provided to the code analysts. 

B.3 Computer code analyses, including feedback from code users to experimenters 
After each series of experiments, selected tests will be analyzed with computer codes 
like APROS, CATHARE and RELAP5. The main phenomena to be analyzed are the 
condensation and temperature stratification occurring in the CMT. 

B.4 Preparation of final report 
This report will collect the findings from the experiments and code analysis, and will 
also propose a methodology for consistent code assessment. 
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C. Progress of work and results obtained 
Summary of main issues 

The project has followed the schedule as planned. See Table I for the progress made in the 
project within the first year. The project group wrote a summary report of experiments and 
analyses of passive safety injection systems (work package 1). The report has been submitted 
to the commission and to the partners of the project. The experiment team has run two series 
of experiments on PACTEL. The results of the first series have been published and submitted 
to the commission and to the partners of the project. The analysts of Lappeenranta University 
of Technology (as a subcontractor of VTT Energy), University of Pisa and AEA Technology 
have calculated experiment GDE-24 with APROS, CATHARE and RELAP codes. The results 
of analyses are ready for and will be submitted to the commission early 1997. The project 
group had three meetings. VTT Energy organised a kick-off meeting in Lappeenranta, 
Finland, February 7th, 1996. The University of Pisa organised the second meeting in Pisa, 
Italy on June, 18th, 1996. The University of Pisa hosted also the third meeting on November 
22nd, 1996. The project group visited SPES test loop in Piasenza the day before the meeting. 
The project co-ordinator has submitted the minutes of the meetings, and a short overview of 
the visit to SPES, to the partners of the project and to the commission. Table II presents the 
planned activities for the next reporting period. The computer code simulations of the second 
test series will start after delivery of the quick look report of the second series. The 
experiments will continue in August, 1997. 

Progress and results 
1. Review of thermal-hydraulic phenomena and evaluation of current system code capabilities 

The objective of the first work package of the project was to carry out a review of 
thermal-hydraulic phenomena and evaluation of current system code capabilities 
important in the modelling of passive safety injection systems. In the kick-off meeting in 
Lappeenranta, the project group decided to expand the contents of the report to include also a 
review of experiment work done. The report of the first work package is ready and the co­
ordinator has distributed it to the partners and to the commission. 

2. Experiments on passive safety injection system performance 
The objective of the second work package of the project is to perform a relevant set of 

experiments with gravity driven core cooling, to analyse the experimental data, and to 
prepare qualified experiment reports. The experiment work consists of three series of five 
experiments each. VTT Energy and Lappeenranta University of Technology completed the 
first and second series within the first year. The experiments simulated cold leg small break 
LOCA's. The series included SBLOCAs with four different break sizes and three different 
break positions. In addition, experiments studied the reproducibility of the phenomena and 
the influences of the flow distributor (called sparger) on the condensation phenomena in the 
CMT. VTT Energy has analysed the first experiment series and delivered the experiment data 
report to the partners of the project and to the commission. The analyses of the experiment 
data of the second experiment series will start January. 1997. The experiment group has also 
measured flow resistance of the passive safety injection system lines. This data forms an 
important boundary condition in the computer simulations of the experiments. 

The Passive Safety Injection System (PSIS) studied consisted of a Core Make-up Tank 
(CMT) and two pipelines. The Pressure Balancing Line (PBL) connected the CMT to one cold 
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leg. The Injection Line (IL) connected the CMT to the downcomer. The break size affected on 
the CMT behaviour as following: 
• the recirculation phase was longer; and the resulting hot liquid layer, thicker in the 

experiments with smaller break size; 
• the oscillation phase between the injection and recirculation phases was longer in the 

experiments with small break size; and 
• local wall heat flux to the CMT wall was higher in the experiments with larger break size. 

In all experiments the CMT ran as planned. There were no problems with rapid 
condensation in the CMT, such as was seen in the earlier passive safety injection experiments 
in PACTEL. The main reason was the new CMT arrangement, with a flow distributor 
(sparger) installed to the CMT. The sparger spread incoming flow to the CMT horizontally, 
and the breakdown of the saturated water layer due to incoming water was not possible. The 
hot liquid layer between the steam and cold water in the CMT remained stable, even in the 
experiments where the hot liquid layer was less than 5 cm thick. The experiments examined 
the CMT behaviour up to 5 millimetre break diameter. This corresponds to about 9 cm break 
diameter in the reference VVER-440 plant. Investigations of condensation phenomena in the 
CMT with larger break sizes would be of great value. When the break size increases, 
decreases the thickness of the hot liquid layer in the CMT. In large break LOCAs, the hot 
liquid layer may not exist. The water in the CMT has a large condensation potential. 
Condensation and resulting water hammer may occur in the PBL or in the top of the CMT. 
This may delay or disturb injection from the CMT. 

The density difference between the IL and the PBL drives the CMT flow. If this density 
difference disappears, the CMT flow stops. The density difference may disappear in different 
ways. First, it may happen during SBLOCAs if the recirculation phase is so long that the CMT 
becomes full of hot water before the injection phase starts. Second, cold water may flow to the 
PBL during injection in LOCAs, if the flow in the loop having PBL connection reverses. The 
density difference may also disappear during the normal operation, if the IL check valve leaks 
or if the PBL heating fails. The first case above requires a very small break size, but all the 
CMTs will be affected. In the other cases, the driving force disappears only in one CMT. In all 
cases, the fact the PBL becomes full of hot water may disturb safety injection from the CMT. 

The experiments of the second series focused on the break location influences on the CMT 
behaviour and possible flow reversal in the broken cold leg. If the flow reverses, cold water 
may flow from the downcomer to the CMT through the PBL. This may lead to condensation 
in the CMT. Experiment GDE-34 started with CMT and PBL full of hot water. The CMT may 
become full of hot water during normal operation of the plant if IL valve leaks. In GDE-35 
experiment, the objective was to study influences of sparger on the CMT behaviour. All 
experiments used smaller CMT than in the first series. This made possible to study CMT size 
(scaling) effects on the primary system behaviour. The use of smaller CMT influenced only on 
the length of the injection phase of the CMT operation. The experiments did not include 
significant reversed flow in the broken cold leg. No condensation due to flow of cold water 
from downcomer to the CMT occurred. The CMT operated without problems also in the 
experiment GDE-34, where the CMT was initially full of hot water. There were no 
recirculation phase of CMT operation in the GDE-34 experiment, but the CMT started to 
inject when the water-level in the cold leg dropped below the PBL connection. The sparger 
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did have a significant influence on CMT behaviour. The operators had to terminate the 
experiment GDE-35 when strong condensation in the CMT collapsed the pressure in the tank. 

3. Computer code analyses, including feedback from code users to experimenters 
The objective of the third work package of the project is to analyse a relevant set of 

experiments with APROS, CATHARE and RELAPS codes. The purpose of the analyses is 
to evaluate the capability of existing computer codes on the simulation of passive safety 
injection systems, and to provide feedback to the experimenters. The main phenomena of 
interest in the simulations of experiments were 
a) thermal stratification in the CMT (temperature profile; formation of hot liquid layer), 
b) condensation in the CMT (wall condensation; condensation to water), 
c) heat transfer from hot liquid to the CMT wall, 
d) CMT injection flow (possible oscillations), and 
e) influences of CMT in the overall system behaviour (core heat-up; primary pressure). 

In addition, the project manager asked the analysts to make suggestions for 
f) possible model improvements to the codes, 
g) modelling the CMT (nodalization of the CMT; description of the walls of the CMT), and 
h) modified or additional instrumentation for PACTEL. 

3.1 Activity 1 : Validation of the APROS code 
Lappeenranta University of Technology, as a subcontractor of VTT Energy, has completed 

the input preparation and the simulation of the GDE-24 experiment with the APROS code. 
The documentation of the analyses results is ready and will be distributed early 1997. APROS 
code calculated successfully the first part of the simulated transient i.e. the CMT recirculation 
phase. Major problems occurred when the draining mode began. The injection flow started to 
oscillate continuously never reaching the full magnitude. The injection with full power 
seemed to be possible only when saturated water was present in the boundary node. The 
explanation for these flow oscillations was the lack of stable saturated liquid layer which 
would prevent direct contact of vapour and cold water. The reason for this was numerical 
diffusion, which transferred energy from top to bottom nodes in the CMT. A test run with 
reduced condensation in the CMT showed that it is possible to reduce flow oscillations by 
reducing condensation rate in the CMT. The condensation heat transfer coefficient was 
reduced by using a hydraulic diameter of 10 metres in the upper CMT nodes. Hydraulic 
diameter is an important parameter in the Shah correlation used in APROS to calculate 
condensation heat transfer. In the experiments, the thickness of the thermally stratified layer 
depended on the break size. When the break was smaller, the recirculation mode became 
longer and the layer of hot water thicker. The calculations showed that it was necessary to use 
dense nodalization in the CMT. None of the used nodings could, however, solve the 
oscillation problems. If there would be a solution with a certain node size for a particular 
break size, a common model for any break size can not be introduced. So, the CMT would 
need special treatment to ensure reliable calculation models. One solution could be a special 
module with dense moving mesh around the water surface. Nevertheless, this method relies on 
the basis of using nodes and can still lead to numerical diffusion. The ideal solution to avoid 
numeric diffusion and flow oscillations would probably be a separate continuous model to 
solve the temperature distribution in the CMT. However, even without a special CMT model 
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the APROS code was able to estimate the overall behaviour and the main phenomena of the 
PSIS in the simulated SBLOCA. 

3.2 Activity 2: Validation of the CATHARE code 
University of Pisa has completed the input preparation and the simulation of the GDE-24 

experiment with the CATHARE code. The documentation of the analyses results is ready and 
will be distributed early 1997. The CATHARE code succeeded to simulate the overall 
behaviour of the passive safety injection system, although the code predicted too early core 
heat-up and too high CMT flow rates. Differences between the measured and calculated 
values were to great extend due to well known reasons. Due to large computing time (typically 
4 to 5 days for one simulation), some of the discrepancies were not yet corrected. For more 
accurate simulation, adjustment of the pressure losses of the CMT lines, heat losses to the 
environment and modelling of secondary side of steam generators would be necessary. 

3.3 Activity 3: Validation of the RELAP5 code 
The AEA Technology has completed the input preparation and the simulation of the GDE-

24 experiment for the RELAP5 code. The documentation of the analyses results is ready and 
will be distributed early 1997. A RELAPS mod 3.2 deck for PACTEL has been modified for 
the calculation of test GDE-24. The deck has been run to provide an initial steady state and 
perform the pre-transient part of the GDE-24 test, successfully providing initial conditions for 
the transient. Two full calculations have been made. Both represented the full transient. In 
the first calculation there was a significant fall of pressure which occurred as the core make-up 
tank started to empty. In the second calculation the rate of condensation in the core make-up 
tank was artificially reduced and it was found that the results followed the experimental data 
almost precisely. This highlights some inadequacy in the wall condensation modelling in the 
RELAP5 code. A study of how the code calculated the heat transfer coefficients revealed the 
deficiency in the model, the principle feature being that the thickness of the film of 
condensation on the wall is not modelled realistically. 

Stand-alone modelling of the CMT indicated: 
(a) that replacing the mesh in the CMT wall, over a practical range of sizes, produced little 
benefit. The implication is that it may be difficult to get the resolution necessary using a 
system code like RELAP5. 
(b) flow oscillations could be reduced by refining the volumetric mesh, but it was not possible 
to eliminate them. Again this is a limitation of the approach inherent in system codes. 
(c) the results were not sensitive to the noding refinement in the PBL. This is comforting 
because of practical limitations of running a complete rig model with fine noding in the PBL. 

The implication of this work is that, apart from the wall condensation modelling issue, the 
modelling in RELAP5 is broadly adequate for this application. As part of this analysis some 
observations on the rig instrumentation have been made: 
(a) some improvement in the mounting of the thermocouples employed for the heat flux 
determination in the CMT wall is desirable to ensure that the results are truly representative of 
the body of the CMT 
(b) a means of determining, or estimating, the water film thickness would be very beneficial. 
Possibilities might involve ultrasonic techniques or laser interferometry noting that in practice 
that film thickness could be significantly less than 1mm. 
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Table I: Project management tasks, documentation (D1-D10) and milestones (M0-M6). 

Completed activities are presented in italic. 
Tasks & milestones 

Start of the project (MO) 

Deliverables Responsible 
organisation 

Actual completion 
date or deadline (day 

or week/year) 

1.1.1996 

Work Packase 1 

Review of thermal-hydraulic phenomena of 
interest in passive safety injection systems & 
evaluation of current system codes capabilities in 
their modelling (Mi) 

Summary report (Dl) VTT, 
AEA and 
Univ. of Pisa 

28.6.1996 

Work Package 2 

Test specification of the first series (M2) 

Prepare PACTEL facility for the first test series 
(M3) 
-design and constr. of passive safety injection system 
(CMT) 
-modification of the instrumentation 
-calibration and testing of equipment 

First test series (M4) 

Deliver test data to code users (M5) 

Document and analyse test results (first series) (M7) 

Test specification of the second series (M8) 

Prepare PACTEL facility for the 2nd test series 
(M9) ■ 
-design and constr. of passive safety injection system 
(CMT) 
-modification of the instrumentation 
-calibration and testing of equipment 

Second test series (MIO) 

Del i ver test data to code users (M11 ) 

Document and analyse test results (2nd series) (M12) 

Test specification of the third series (M14) 

Prepare PACTEL facility for the 3rd test series 
(Ml 5) 
-design and constr. of passive safety injection system 
(CMT) 
-modification of the instrumentation 
-calibration and testina of equipment 

Third test series (M16) 

Reconstruct the test facility (MI 7) 

Deliver test data to code users (M18) 

Document and analyse test results (3rd series) (M19) 

Work Package 3 

Prepare PACTEL input for APROS code (M5) 

Prepare PACTEL input for CATHARE code (MS) 

Prepare PACTEL input for RELAPS code (MS) 

Document results of analyses of the first test series 
with APROS code (M6) 

Document results of analyses of the first lest series 
with CATHARE code (M6) 

Document results of analyses of the first test series 
with RELAPS code (M6) 

Document results of analyses of the second test series 
with APROS code (Ml3) 

Document results of analyses of the second test series 
with CATHARE code (Ml3) 

Document results of analyses of the second test series 
with RELAP5 code (M13) 

Document results of analyses of the third test series 
with APROS code (M20) 
Document results of analyses of the third test series 
with CATHARE code (M20) 

Document results of analyses of the third lest series 
with RELAP5 code (M20) 

Test specification report (D2) 

Facility ready for the 1st test series 

Experimental data 

Test data (D3)/first set (full data) 
Ouick-Look report (D4) 

Experimental data report (Dll) 

Test specification report (D12) 

Facility ready for the 2nd lest series 

Experimental data 

Test data (D13) 
Quick-Look report (D14) 

Experimental data report (D15 ) 

Test specification report (D19) 

Facility ready for the 3rd test series 

Experimental data 

Test data (D20) 
Ouick-Look report (D21 ) 

Experimental data report (D22) 

Input data file (DS) 

Input data file (D6) 

Input data file (D7) 

Code validation report (D8) 
Feedback to the experimenters 

Code validation report (D9) 
Feedback to the experimenters 

Code validation report (DIO) 
Feedback to the experimenters 

Code validation report (D16) 
Feedback to the experimenters 

Code validation report (D17) 
Feedback to the experimenters 

Code validation report (D18) 
Feedback to the experimenters 

Code validation report (D23) 

Code validation report (D24) 

Code validation report (D25) 

VTT 

VTT & LUT 

VTT & LUT 

VTT 

VTT 

VTT 

VTT & LUT 

VTT & LUT 

VTT 

VTT 

VTT 

VTT & LUT 

VTT & LUT 

VTT & LUT 

VTT 

VTT ' 

VTT 

Univ. of Pisa 

AEA 

VTT 

Univ. of Pisa 

AEA 

VTT 

University of 
Pisa 

AEA 

VTT 

University of 
Pisa 

ΛΕΑ 

16.2.1996 

14.3.1996 
21.3.1996 
28.3.1996 
28.3.1996 

3. S. 1996 

18.6(15.7)1996 
18.6.1996 

7.10.1996 

31.10.1996 

13.11.1996 
6.11.1996 
13.11.1996 
13.11.1996 

11.12.1996 

7/97 

22/97 

31/97 

31/97 
32/97 
33/97 
33/97 

39/97 

41/97 

45/97 

13/98 

1.8.1996 

1S.6.1996 

1.8.1996 

31.1.1997 

3.1.1997 

20.1.1997 

26/97 

26/97 

26/97 

18/98 

18/9S 

18/98 

Work Packase 4 

Write the final report of the project (M21) Final Repon (D26) VTT. AEA, 
Univ. of Pisa 

30.9.1998 
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Table II: Planned activities for the third reporting period 
Activity 

Quick look report 
Data delivered to code users 
Experiment data report 
Input data file for APROS code (2nd 
series analyses) 
Input data file for RELAP code (2nd 
series analyses) 
Input data file for CATHARE code 
(2nd series analyses) 
Code comp, report, APROS code (2nd 
series analyses) 
Code comp, report, CATHARE code 
(2nd series analyses) 
Code comp, report, RELAP5 code 
(2nd series analyses) 
Deliver progress report to the 
Commission 

Work Package 

2 
2 
2 
3 

3 

3 

3 

3 

3 

Partner 

VTT 
VTT 
VTT 
VTT 

AEA 

Univ. of 
Pisa 
VTT 

Univ. of 
Pisa 
AEA 

VTT 

Deadline 

February, 15 
February, 15 

May, 30 
February, 28 

February, 28 

February, 28 

June, 31 

June, 31 

June, 31 

January, 31 

Status & 
Comments 

modif. to 
CMT only 
modif. to 

CMT only 
modif. to 

CMT only 
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A.l.1­3 European BWR­R&D­cluster for innovative passive safety systems ­ IPSS 

Contract No: FI4I­CT95­0005 Duration : 1 Jan. 1996 ­ 31 Dec. 1998 

Coordinator : EJ. Hicken, KFA, Jülich/DE 

Tel.:+49­2641­613276 ­ Fax.:+49­2641­613133 

E­mail: e.f.hicken@kfa­juelich.de 

Partners : ECN Petten/NL, GRS Köln/DE, KEMA Arnhem/NL, NUCON 

Amsterdam/NL, PSI Vffligen/CH, SIET Piacenza/ΓΤ 

A. OBJECTIVES AND SCOPE 

R&D on innovative Boiling Water Reactors (BWR) is to a large extent being focused on 

a broader implementation of self­acting passive safety systems for the prevention and mitigation 

of severe accidents. Within this project the generic thermal­hydraulic phenomena of these 

systems will be investigated using existing BWR­relevant large scale test facilities (NOKO and 

PANDA) as well as the Dodewaard Reactor (NL). 

The experimental results will be used to improve models, validate different computer 

codes (APROS, ATHLET, RELAP5, TRAC, RALOC, etc.), and assess uncertainties with 

regard to passive decay heat removal (both from the core and the containment). 

B. WORK PROGRAMME 

B.l Natural Convection Cooling in the RCS 

Compile relevant steady state and transient data from the Dodewaard reactor 

operation, and compare them with (i) existing calculations (TRAC­BF, RELAP5) and 

(ii) calculations with the ATHLET code to be performed as part of the project. 

B.2 Passive Decay Heat Removal from the Core Region 

A number of tests will be performed at the NOKO (Germany) and PANDA 

(Switzerland) facilities in order to investigate the thermal­hydraulic phenomena in 

"Isolation Condensers" (IC) and "Emergency Condensers" (EC). These results, plus 

Dodewaard operational data will be compared with several code calculations (APROS, 

ATHLET, PHOENICS, RELAP5, TRAC). 

B.3 Steam Jet Pumps (SJP) for Decay Heat Removal (DHR) 

A conceptual study on the use of SJPs or steam injectors for DHR will be elaborated. 

B.4 Passive Initiators 

A number of tests will be performed at the NOKO facility in order to study the 

behaviour of different types of passive Initiators with different fluids and at low 

temperatures. The results will lead to recommendations of possible improvements and 

applications of passive initiators. 

B.5 Passive DHR from the BWR ­ Containment 

Integral and separate­effect tests will be conducted at the PANDA and NOKO 

facilities respectively, in order to assess different principles for passive DHR from the 

containment and the associated thermal­hydraulic phenomena. The experimental 

results will be compared with the calculations from different thermal­hydraulic 

(ATHLET, RALOC, FLOW3D) and coupled codes (RELAP/MELCOR). 
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C. Progress of work and results obtained 
Summary of main issues 

Schematic views on the main test facilities PANDA and NOKO as well as on the 
DODEWAARD Isolation Condenser are shown in figures 1-3. Results from the operation of 
these facilities offer the input data for the validation of different code systems. Several papers 
have been published on the European BWR R&D Cluster; a poster session together with other 
related European R&D activities on passive safety systems has been organized at the Annual 
Meeting on Nuclear Technology '96 at Mannheim (see List of References). 

Although the Dodeward reactor will be shut down early in 1997 this will not influence the 
tasks within this project related to natural convection cooling. The exchange of geometrical 
and operational data has been mainly done allowing new calculations for steady state and 
transient operation with the ATHLET code in comparison to the codes TRAC-BF1, RELAP5. 

Based on already performed test series with the emergency condenser in NOKO 
calculations with ATHLET have been performed with a good agreement between measured 
and calculated data. The experimental data base will be broadened by using experimental data 
from the PANDA and Dodeward ICs. Related data input decks are under preparation for 
ATHLET, TRAC, APROS and RELAP5. The pool side of the NOKO-tests have been 
calculated with PHOENICS, those for the PANDA IC-tests are underway. 

The application of steam jet pumps for NPPs is investigated by 4 organisations world-wide. 
An assessment and proposals for beneficial use of steam jet pumps will be issued in 1997. 

3 different types of Passive Initiators have been tested by FZJ with promising results. 
Further tests will be performed in 1997. Recommendations for improvements and applications 
will be derived from these experiments. 

The assessment of the effectiveness of decay heat removal systems from the containment is 
up to now mainly based on PCC-tests in PANDA. Tests with the building condenser in 
PANDA and NOKO have been prepared and partially installed in 1996; the experiments will 
start in the 2nd quarter of 1997. 

In 1996 the Concerted Action on 'BWR Physics and Thermalhydraulics - Complementary 
Actions to the BWR R&D Cluster (BWRCA)' could be established to further assist and 
broaden the objectives of this project. The partners of the BWRCA are: CEA-France, 
CIEMAT-Spain, ENEA-Italy, FZR-Geimany, Siemens-Germany and TU-Delft-Netherlands. 

C.l Natural convection cooling in the reactor cooling system (RCS) 
The ownership of the Dodewaard reactor has been taken over by the SEP company 

(Samenwerkende Electriciteits Productie Bedrijven); it is assessed that the scheduled shut 
down of the plant early in 1997 will not influence the tasks of this work package. The relevant 
data from the Dodewaard reactor system and related drawings have been delivered to the 
BWR R+D CLUSTER to allow the preparation of an input deck for the thermal hydraulic code 
ATHLET. In addition, data from steady operations and a comparison with TRAC-BF1 and 
RELAP5 calculations are given.. A report by KEMA with data from reactor transients and 
related calculations with the TRAC-BF1 code is being drafted. These informations form the 
basis for the matrix of cases to be calculated. A report on a shutdown experiment in the 
Dodewaard reactor with decreasing pressure causing core-wide oscillations which resulted 
later in a scram is under preparation. ECN has produced a report with RELAP5 calculations 
(performed in the late 80's) for steady state conditions and postulated transients; due to major 
upgrades of the Dodewaard reactor system these results have to be used carefully. The 
preparation of the input deck for steady state and transient calculations have been delayed; 
however, the final date will be met. 
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C.2 Passive Decay Heat Removal from the core region 
Part of the experimental data base has been established. After the completion of 40 tests 

series with the emergency condenser bundle in the NOKO facility for the project funded by 
German organisations. 8 test series have been performed for the EU cluster with a 4-tube 
bundle arrangement. Most of the data of these tests are already available via Internet; some 
Quick Look Reports have been drafted. In addition, 4 tests with the so-called single tube which 
is placed parallel to the bundle and has a much higher instrumentation density (thermocouples 
and needle probes) have been performed to check the sensitivity of the needle probes and the 
flow pattern inside the condenser tubes. The available data from the Dodewaard Isolation 
Condenser have been transferred to the BWR R&D Cluster. The preparation of tests with the 
Isolation Condenser in the PANDA facility - planned for April 1997 - has continued with the 
installation of a Helium injection system (for simulating severe accidents with Hydrogen 
generation) and a recalibration of the instrumentation. 

The experimental data of 6 tests in NOKO are shown in fig. 4. The results show that the 
emergency condenser works very effective. One tube is capable to transfer up to 1 MW. The 
heat transfer characteristics are influenced by higher concentrations of non-condensable gases. 
It can also be seen that the pressure losses in the bundle and in the orifices lead to large 
differences in the geodesic heights of the water niveaus in the bundle and in the RPV. The 
results have to be considered for the design of an optimized new NOKO bundle. 

The NOKO facility has been modelled with ATHLET; a comparison of measured and 
calculated data for six tests showed a good agreement; however, the heat transfer package in 
ATHLET has been improved (funded by another project). 

The data transfer to VTT via Internet could also be established in a way that the input deck 
for the APROS calculations on NOKO tests can be prepared. 

Input data from the Dodewaard IC for the ATHLET nodalisation scheme has been 
transfered; calculations will be performed in late 1997. 

The PHOENIX calculations for the pool side of the NOKO bundle have been performed 
and are consistant with the observed behaviour of the flow and temperature distribution in the 
pool. 

RELAP5 and GOTHIC input decks for NOKO and PANDA-IC tests have been set up. 
First calculations are in good agreement with the test data. 

C.3 Conceptual study on steam jet pumps application in NPP 
NUKON carried out a literature study and started an assessment for different applications. 

SIET/ENEL (Italy), Toshiba (Japan), VNIIAES (Russia) and Ohio State University (USA) are 
performing R&D on steam jet pumps issues. The Russian design, e.g., is planned to be 
implemented in W E R 440/213 reactors as an additional decay heat removal system. Other 
identified applications of steam jet pumps are internal coolant recirculation in BWRs, High 
Pressure Core Injection Systems and feedwater injection with steam jet pumps. SIET will issue 
a report in the first half of 1997 on their relevant experience. 

C.4 Passive Initiators (PL·) 
Three different types of Pis have been tested by FZJ as shown in fig. 5. The evaluation 

reveiled that the reaction time was strongly dependent on the ratio of heat transfer area to 
water content. Further analyses will allow recommendations for improvements (e.g. internal 
structures with a low heat capacity to reduce the water content), for the choice of alternate 
working fluids for covering start-up and shut-down conditions at lower temperatures and for 
different applications in NPPs. 

24 



SIET elaborated first function principles how to start a steam jet pump with a PI. The 
simulation shows the potential of Pis also for this purpose. 

C.5 Passive decay heat removal from the BWR-Containment 
Three different condenser designs for the passive decay heat removal from the containment 

are being investigated in this work package. PCC and IC tests are combined as these 
components are more or less identical. 

In 1996 the installation of the building condenser in PANDA as well as in NOKO (see 
fig.6.) has been planned and started; the first tests are expected in the 2nd quarter of 1997 for 
both faculties. The test matrices have been discussed and agreed upon. Conditions under 
severe accidents with Hydrogen generation are also included in the tests by simulating the 
influence of light non-condensable Hydrogen by Helium. 

Three PANDA text facility configurations (M3, M10A, Ml OB) have been selected out of 
the PCC-test series performed in 1995 for further evaluation. The PANDA BC tests will also 
be used to perform 3D-calculations on the flow pattern in the pool above the BC arrangement. 

The BC tests will be succeeded by tests end of 1997 in NOKO and beginning of 1998 in 
PANDA with the cast iron plate condenser that shows strong resistance against mechanical 
impacts under hostile accident conditions. The first out of two plate condensers has already 
been delivered by Siempelkamp foundry which is planning to test the other one under extreme 
heat radiation loads. 

Pre-test calculations with RALOC for the NOKO building condenser tests as well as with 
RELAP5 and GOTHIC for the PANDA PCC tests have been performed to optimize the 
experimental procedures as well as the instrumentation schemes. 
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The Building Condenser in the NOKO test facility 
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Complementary interaction of BWR R&D-Cluster and BWR-CA activities 

WP1 

Experiments or plants 

Dodewaard Reactor 

European BWR-R&D-Cluster 

Transfer of operational Data and TRAC-BF-calculations (KEMA) 

Results from RELAP-CalcuL (ECN) 

20 ATHLET-calculations (FZJ) 

BWRCA 

3D-power distribution and neutronic characteristics 

(CEA/DRN. ENEA) 

DYN3D-ATHLET-calculations (FZR) 

Experimental and theoretical research on natural 

circulation for BWR (TU Delft) 

WP 2 

Experiments or plants 

l.NOKO-Bundle 

- 40 experiments Gennany-NOKO 

-10 experiments EU 

2. NOKO-Bundle 

- 40 experiments EU 

PANDA IC 

Dodewaard IC 

PANTHERS IC 

Thermal Valve 

European BWR-R&D-Cluster 

4 APROS-Calculations (VTT) 

10 ATHLET-Calculaúons (FZJ) 

4 RELAP 5-Calculations (ECN) 

4 RELAP 5-Calculations (PSI) 

3 TRAC-Calculations (KEMA) 

5 PHOENICS-Calculaüons (NUKON) 

APROS-Calculations (VTT) 

10 ATHLET-Calculations (FZJ) 

5 PHOENICS-Calculations (NUKON) 

4 RELAP 5-Calculations (ECN) 

4 RELAP 5-Calculations (PSI) 

4 APROS-Calculations (VTT) 

5 ATHLET-Calculations (FZJ) 

Inform about generic experience (SIET) 

BWRCA 

Special Instrumentation (FZR) 

Condensation Phenomena (SIEMAT) 

CATHARE-Calculaüons (CEA/DRN) 

Additional ΝΌΚΟ-Data (SIEMENS) 
ATHLET-Calculations (FZR) 

Simulation and assessment with: CATHARE-calcul. 
(CEA/DRN7DER) 
RELAP-calcuL (ENEAÆRG/FISS) 

WP 3 

Experiments or plants 

Steam Jet Pumps (SJP) 

European BWR-R&D-Cluster 

Concepobnal study (NUKON) 
Information on ongoing R&D and plan for future activities (SIET) 

BWRCA 

WP 4 
Experiments or plants 

NOKO-Passive Initiators (PI) 

European BWR-R&D-Cluster 

30 tests with water and alternative fluids (FZJ) 
Assess the use of PI for SJP (SIET) 
Recommendation of possible imDrovements and applications (FZJ) 

BWRCA 

WP 5 

Experiments or plants 

PAN'DA-Experiments (PSI) 
- Passive Containment Cooler (PCQ 

- Building Condenser (BQ 
- Plate Condenser (CPQ 

NOKO-Experiments (FZJ) 
- 27 Building Condenser (BQ 

- 13 Plate Condenser (CPQ 

PA\THERS-PCC 

European BWR-R&D-Cluster 

FLOW 3D-calcul. (PSI) 
5 RALOC-calcul. (FZJ) 
RELAP/MELCOR-calcul. (ECN) 
MELCOR-cakul. (VTT) 
ATHLET 3D-calcul on large pool. (GRS) 
FLOW 3D-calcul. (PSI) 
FLOW 3D-calcul. (PSI) 
RALOC-calcul. (GRS) 

5 RALOC-calcul. (FZJ) 
RELAP/MELCOR-calcul. (ECN) 
APROS-calcul. (VTT) 
5 RALOC-calcul. (FZJ) 

Document tests and give information (SIET) 

BWRCA 

TUBCO and TUBEX-calcul. (CEA/DRN) 
TUBCO and TUBEX-calcul. (CEA/DRN) 

Pressure and Temp.-calcul. for a containment (CEAORN) 
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A.l.1-4 Technology enhancement for passive safety systems - TEPSS 

Contract No: FI4I-CT95-0008 Duration : 1 Jan. 1996 - 31 Dec. 1998 
Coordinator : S. Spoelstra, ECN, Petten/NL 

Tel.:+31-224 564523 - Fax.:+31-224 563490 
E-mail: -

Partners : NUCON Amsterdam/NL, KEMA Arnhem/NL, CIEMAT Madrid/ES, 
PSI Vaiigen/CH, Univ. Polkee. Valencia/ES, Univ. UPC Barcelona/ES 

A. OBJECTIVES AND SCOPE 
The objective of this project is to undertake research needed to support further 

development of the technology base related to Advanced Boiling Water Reactors (BWR) of 
passive-type design. The research will focus mainly on mixing and stratification phenomena in 
large water pools, passive decay heat removal, and effects of aerosol deposition inside heat 
exchangers tubes. 

The experimental work will be performed in three existing European facilities : LINX-
2, PANDA, and AIDA. It will be supported by analytical work to identify and understand the 
governing phenomena, and to produce usable correlations and reliable physical models. 
Different computer codes (RELAP5/MOD3, GOTHIC, TRAC/BF1, MELCOR) will be used. 

B. WORK PROGRAMME 

B.l Suppression Pool Mixing and Stratification 
Two series of tests will be performed at the LINX-2 experimental facility in order to 
study and improve the design of spargers to be used in suppression pools. The effects 
of spargers in promoting deep-layer mixing and preventing hot stratified pool regions 
will be investigated. A third series of tests will be used to identify simple mixing 
models that can be applied in system analysis codes. 

B.2 Passive Decay Heat Removal 
Eight experiments will be performed at the PANDA facility in order to test the 
performance of a containment configuration in which the gravity-driven cooling 
system is made topologically part of the wetwell airspace in a pressure suppression 
containment. Scaling analyses will be used to assure that the experimental observations 
will be in known relationship to the phenomena in the reference design (European 
SBWR). For each test run, pre-test analyses will be performed with RELAP5/MOD3, 
in order to better define the test configuration and parameter range extensions. In 
addition, post-test analyses for each test run will be performed with RELAP5/MOD3, 
GOTHIC, TRAC7BF1, and MELCOR to benchmark the codes. 

B.3 Passive Aerosol Removal 
The AIDA-PCCS experimental facility will be used to investigate the degradation of 
decay heat removal due to the fission product aerosols which might deposit on the 
inside surfaces of the heat exchanger tubes. One key benchmarking experiment using 
SnO aerosol as simulant will be performed. Pre- and post- test analyses will be 
performed using the MELCOR code. 
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C. Progress of work and results obtained 
Summary of main issues 

The main achievements for the TEPSS project over the year 1996 are the completion 
of workpackage 3, the completetion of the modifications to the PANDA facility, and the 
scaling study which is about to be completed. 

Concerning the deliverables for 1996, as mentioned in the Technical Annex of the 
TEPSS project, all but one deliverable have been submitted to the European Commission. 
The one missing is the scaling report which will be completed february 1997. 

The conclusion with respect to progress is that the project is doing well. The upcoming 
year will be more challenging with all the experimental and analytical work going on. A 
possible problem may occur with the schedule of the PANDA experiments if the experi­
ments for the European IPSS project which are performed in the same facility are delayed 
too much. 

C.l Suppression Pool Mixing and Stratification 
No activities were performed for the reporting period. 

C.2 Passive Decay Heat Removal 
The work to be performed under this work package consists of a scaling study, the 

experimental work, and the analytical work. 

The scaling analysis presents a comparison between the PANDA containment cooling 
test facility at the Paul Scherrer Institute in Switzerland and a reference design of a BWR 
with passive safety systems. The scaling analysis has been performed in 1996 according 
the "Hierarchical Two-Tiered Approach to Scaling" methodology, which has been 
developed by the U.S. Nuclear Regulatory Commission. This methodology involves two 
types of analyses: a top-down analysis on system level and a bottom-up analysis of 
relevant phenomena. The results have been described in a document which will become 
available february 1997. 

The main conclusions of the scaling analysis are: 
• All major processes are scaled properly. Corrections can be made for other proces­

ses, following guidelines contained in the report. 
• The PANDA tests will form a good benchmark for pressure response of the 

reference containment design, and will yield valuable insight into the thermo-
hydraulic phenomena of the reference containment design, and as such form an 
indispensable tool for code qualification. 

• The proposed modifications of the PANDA installation and test matrix will have 
limited consequences for pre-test and post-test numerical analysis. The main 
qualitative change is, that the gas volume above the suppression pool is a function 
of time, as in the reference design this volume is coupled with the gravity driven 
core cooling pool volume. 

The PANDA test facility has been modified to reflect the containment configuration 
and the passive decay heat removal systems of the reference design. These modifications 
include rerouting of the Passive Containment Cooler (PCC) drain lines to the Reactor 
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Pressure Vessel and connection of the GDCS vessel air space with the Wetwell air space. 

A test series involving eight test runs will be performed. The PANDA test matrix as 
defined at this moment consists of: 

PI Simulating a Main Steam Line Break (MSLB) with the new containment configu­
ration. Experiment starts at 1 hour into the LOCA transient. 

P2 Simulating also a MSLB but starting earlier to include the GDCS injection phase. 
P3 Investigating start-up behaviour of PCC units when the drywell is initially filled 

with air. 
P4 Similar to PI, with a supply of air later in the test to simulate hidden air somewhe­

re in the containment. 
P5 Similar to PI, with an additional supply of air and turning off one of the PCCs to 

simulate a severe accident. 
P6 Investigating the interaction between Isolation Condenser functioning in parallel 

with the PCC units. In addition, the effect of bypass leakage from drywell to 
wetwell will be investigated. 

P7 Similar to P5, but with both active PCC units connected to the same drywell. 
P8 Similar to PI, but with lower PCC pool levels. 

The main analytical activity in 1996 concerns the implementation of a PCC model in 
the TRAC-BF code by UPV. This model accounts for both the primary side heat transfer 
within the tubes as the secondary side heat transfer in the pool. The default version of the 
TRAC-BF code does not properly model the steam condensation phenomena in the 
presence of non-condensable gases. UPV has compared three different condensation heat 
transfer coefficients for steam condensation in presence of non-condensable gases against 
experimental data from the University of California at Berkeley (UCB) experiments. These 
models are: (1) the correlation which was originally derived from the UCB data and used 
by GE for the TRACG code, (2) a UPV-FIT model in which the degradation effects of 
non-condensables have been substituted by a correlation fit, and (3) a diffusion layer 
model in which the heat transfer coefficients are expressed in terms of the condensate 
Reynolds number. These models have been implemented in the TRAC-BF code with an 
option to choose a specific correlation. The calculational results obtained using the first 
two models were compared to the UCB experimental data. The results show that the UPV-
FIT model gives a better prediction than the GE model, in particular at the entrance of the 
condenser tube. The secondary side heat transfer model developed by UPV concerns the 
development of natural convection correlations for vertical cylinders immersed in a pool. 
In order to capture the boundary layer phenomena in the TRAC-BF code, correlations 
have to be developed. UPV has developed correlations for the Nusselt number for both 
laminar and turbulent natural convection. These correlations have been implemented in the 
TRAC-BF code. 

C.3 Passive Aerosol Removal 
AIDA test A-TEPSS04 has been executed for the TEPSS program by PSI, following a 

series of thermal-hydraulic tests which were devoted to a) investigate the thermal-
hydraulic characteristics of the model condenser and b) demonstrate the functions of 
various measurement and data acquisition systems. The objective of Test A-TEPSS04 is to 
demonstrate the general behaviour of the model condenser in removing the aerosol 
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particles and condensing the steam under specially selected thermal-hydraulic and aerosol 
conditions. Experiment A-TEPSS04 consists of two phases. The first phase, Phase A, 
determines the condensation behaviour of the condenser at the specified thermal-hydraulic 
boundary conditions (without aerosol particles). The second phase, Phase B, determines the 
condensation behaviour of the condenser at the specified thermal-hydraulic conditions of 
the first phase and in addition, at the specified aerosol boundary conditions. Phase Β of the 
experiment starts with the initiation of the tin powder flow into the plasma torch at a 
desired rate. This will cause the generation of the Sn02 aerosol particles. Table I shows the 
measured thermal-hydraulic and aerosol deposits. 

The experiment indicated that under overloaded condenser conditions and using Sn02 
particles, the efficiency of the AIDA model condenser was degraded by about 20 % at the 
end of the experiment. Significant aerosol deposition occurred in the upper plenum lower 
surface. As a result, a thick layer of deposits was formed. Deposition also took place inside 
the tubes, but it is believed that this did not lead to heat transfer degradation in the tubes. 
The overall degradation in heat removal could only be explained by a possible interaction 
between aerosol distribution in the upper plenum and the flow distribution to the individual 
tubes. The deposition pattern presumably caused a non-homogenous flow distribution 
between the tubes. As a result, the total available heat transfer area is not fully used and 
the condenser efficiency decreases. It is not clear whether the decreasing trend in the 
condenser efficiency would last if the experiment duration would have been longer or if 
the aerosol deposits would be purged at some point. 

Pre- and post-test analysis were performed using the MELCOR computer code for 
which an AIDA input deck was developed. With the MELCOR model developed two 
calculations have been run. The base case calculation uses the default MELCOR steam 
condensation model in which a condensate layer is build-up on a heat structure until the 
maximum thickness of 0.5 mm is reached. The second calculation uses the film tracking 
model in MELCOR. This model tracks in detail the build-up of the condensate layer on 
the wall. The MELCOR results are compared with the experimental data in Table I. 

MELCOR underpredicts the cooling efficiency of the condenser unit by about 30 % 
during the non-aerosol phase. The best thermal hydraulic results have been obtained by 
using the film-tracking model. The measured degradation in condenser efficiency is not 
calculated by MELCOR during the aerosol feed phase. 

All MELCOR calculations strongly underpredicted the aerosol deposition in the upper 
plenum lower surface in contact with the water. Using the film-tracking option causes an 
overprediction of aerosol mass in the tubes and scrubber tank and an underprediction of 
aerosol mass in the drain tank. 

The overall conclusion is that the modelling present in MELCOR at this moment is not 
adequate for simulating the AIDA experiment which was performed under this TEPSS 
project. 
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Table I: Measured and calculated results of AIDA test A-TEPSS04. 

Post-test results Experimental 
data 

Base 
case 

Film 
tracking 

Heat removed by the cooling flow in the 61 
water jacket [kW] 

Temperature difference between the inlet 3.1 
and out of the cooling 
jacket [°C] 

Water temperature in the drain line [°C] 105 

Steam temperature in the lower 
plenum [°C] 

Steam flow to the scrubber tank [kg/s] 

Water flow to the GDCS tank [kg/s] 

Aerosol mass distribution: 

Upper plenum [%] 

Tubes [%] 

Lower plenum [%] 

Drain tank [%] 

Scrubber tank [%] 

150 

0.033 

0.023 

75 

3.8 

101 

156 

0.027 

0.028 

90 

4.5 

90 

120 

0.018 

0.038 

0.4 

2.4 

0.6 

30.2 

66.4 

2.1 

36.4 

1.2 

1.5 

58.7 

31.1 

15.9 

— 

9.9 

37.3 
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A.l.1­5 System for emergency core cooling through higfa performance steam 

injector ­ SYNTHESIS 

Contract No: FI4I­CT95­0001 Duration : 1 Jan. 1996 ­ 30 March 1998 

Coordinator: M. Valisi, ENEL, Milan/ΓΓ 

Tel.:+39­2­722 43 706 ­ Fax.:+39­2­722 43 653 

E­mail: valisi@cram.enel.it 

Partners : Siemens KWU Mûnich/DE, CISE Milano­Segrate/IT 

A. OBJECTIVES AND SCOPE 

To demonstrate the feasibility of an injection system (SYNTHESIS), based on a passive 

device (High Performance Steam Injector, HPSI). This system should be able to pump water 

into a Reactor Cooling System (RCS) at high pressure (maximum pressure about 9 MPa), 

taking water from an atmospheric tank. SYNTHESIS will be equipped with automatic 

actuators (valves) for startup and for keeping the optimum operating conditions during 

transients. However, the feasibility of a completely passive version of SYNTHESIS will also be 

assessed. In this case the above mentioned automatic actuators will be replaced by self­acting 

valves or by valves powered by passive mechanisms. 

B. WORK PROGRAMME 

B.l Definition of SYNTHESIS Requirements 

To define the system functional requirements for a reference application (BWR 1000 

design), as well as for an alternative application to an innovative PWR plant. Based on 

the results of these two activities, functional requirements enveloping as much as 

possible both applications will be defined. 

B.2 Prototype testing with active valves 

To design and build the HPSI prototype in accordance to the functional requirements 

defined in B.l. A test facility and a test matrix for the prototype with active valves will 

also be defined. Then the tests will be performed, and the results analyzed (including 

simplified numerical modelling) to check compliance with the SYNTHESIS functional 

requirements and to define the final functional requirements of the passive actuators. 

B.3 Passive Actuators Development 

According to the functional requirements defined in B.l, a set of possibly required 

types of passive actuators will be identified, and, if necessary, their design will be 

updated. 

B.4 Benefits Evaluation 

A simplified mathematical model of SYNTHESIS will be developed to be introduced 

into a thermalhydraulic computer model of target plants. For the BWR 1000 reference 

case the computer code to be used is RELAP5 (for which there is a SYNTHESIS 

model available), and for the alternative PWR application, a similar approach will be 

adopted. Different scenarios will be analyzed, and as a result the benefits of 

SYNTHESIS, in terms of plant simplification and cost reduction, will be pointed out. 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 
Summary of main issues 
The activities related to the identification of the reference plant and system functional 

specification have been performed according to the schedule shown in the figure 2.2 of the 
Technical Annex to the contract. 
On the other hand, there is delay in the activities related to the experimental part of the project 
in spite of the anticipated preparation of the rev.O of the Technical Specification for the 
contract to SIET (ENEL major subcontractor). 
In fact ENEL had some difficulties to finalize the contract with SIET. Essentially these 
difficulties have been caused by the need to finalize the scope of work and the economical part 
in order to get as much as possible useful data, limiting the extra cost in comparison to the 
preüminary SIET economical evaluation. Essentially the problem was to reproduce as much as 
possible the real plant condition, especially regarding to RPV pressure effect on the HPSI 
discharge. At the moment the contract is going to sign and the related activities are ready to 
start. Most of the delay will be absorbed from the particular attention given to the component 
choice in order to avoid long procurement time, so the project is able to maintain the foreseen 
overall duration. The partners agreed to distribute among them the extra cost of the contract to 
SIET. 

C.I Definition of SYNTHESIS functional requirements (WP1) 
As results of this activity the reference application for the project will be an injection 
system for the German concept SWR 1000 which is an innovative Boiling Water 
Reactor (BWR). The expected benefit coming from these kind of system would a 
reduction of Reactor Pressure Vessel (RPV) volume and height, because the high 
pressure water provided by SYNTHESIS would reduce the inventory losses during 
Automatic Depressurization System (ADS) intervention. In this way plant cost would 
be decreased and plant layout would be simplified. 
As far as alternative solution PWR applications are concerned, two main alternatives 
have been considered: a primary system emergency injection system, operating at high-
medium pressure and a secondary side (steam generator) emergency feedwater system, 
operating at a near secondary side design pressure 
At the end. preference was given to the second application. 
This WP was concluded with the identification of system functions, interfaces, 
preliminary layout, operating conditions and required performances. 

C.2 Prototype testing with active valves (WP2) 
According to the functional requirements identified in WP1 the HPSI optimization and 
design has been completed by ENEL/CISE, developing a preliminary configuration of 
HPSI prototype and then checking it by appropriate computer models. 
The preliminary HPSI configuration has been optimized by performing sensitivity 
analyses on different geometrical parameters; the main optimization criteria has been to 
minimize the average steam consumption and the overflows. 
The HPSI detailed drawings has been completed. 
The component construction has been completed too. 
About the test facility, the modifications to the already existing test loop, needed to 
perform the experimental program as per the objectives of the project, have been 
discussed and finalized with the subcontractor SIET. The related Technical 
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Specification has been prepared, discussed among the partners and issued in order to 
send the official request for bid to the SIET itself. 
Finally the contract to SIET for facility modification and test execution is ready to be 
signed. 
Furthermore, based on the outputs coming from the functional requirements definition, 
from the HPSI design and from the finalization of the facility technical specification, the 
draft version of the test specification, matrix and active component specification have 
been issued for comments. 

C.3 Passive actuators development (WP3) 
There was only activity related to preliminary design and calculation of passive 
actuators. A report on this topic is going to be issued. The existing design contains 7 
different armatures. Two are check valves which work passively, one is a small active 
valve which may be opened or closed independently from the others. The functional 
operation times of the remaining four armatures (with minimum diameters between 80 
mm and 200 mm) are restricted and the sequence of their operation is fixed. It cannot 
be predicted theoretically which exact values should be realized. The exact 
requirements will be found experimentally in WP2.3. 
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A.2.1-1 Supporting nuclear data for advanced MOX fuels 

Contract No: FI4I-CT95-0002 Duration: 1 Jan. 1996 - 31 Dec. 1998 
Coordinator: S. Pilate, BELGONUCLEAIRE, Bmssels/BE (c/o EDF, Villeurbarine/FR) 

Tel. +33/472.82.75.90 Fax: +33/478.94.60.48 e-mail: 
Partners: ECN Petten/NL, SCK/CEN Mol/BE, CEA-Cadarache/FR, JRC-ITU 

Karlsruhe/EC, ENEA Bologna/IT 

A. OBJECTIVES AND SCOPE 
The objective is to supplement the results of the previous European Strategy Study in the 

field of Partitioning and Transmutation (P&T). The use of advanced MOX fuels, either in thermal 
(PWR) or fast reactors will be investigated. To this end the necessary nuclear data working 
libraries will be updated with new information from basic data evaluations and available integral 
experiments. The accuracy of the strategy studies to inirtimize wastes will be assessed. 

B. WORK PROGRAMME 
B.l Accuracy of strategy studies involving the use of thermal reactors, especially 

Pressurized Water Reactors (BN Brussels, ECN Petten, SCKxCEN Mol, CEA 
Cadarache) 
The contributions from S CK· CEN, BN and ECN are closely coupled, and related to the 

use of advanced MOX fuels in LWR, with an emphasis on high burnup and high transmutation 
rates (effects of over-moderation). 

The SCK'CEN contribution consists of reviewing post irradiation examinations made in the 
past on a number of fuel samples from LWRs, especially PWRs (like BR3), so as to establish an 
extended database. At a later stage, recent irradiation results should be used to that aim. 

Mass balances from these high burnup irradiations are to be re-calculated at BN for MOX 
fuel pins irradiated up to very high burnup (e.g. 80,000 MWd/t), using adequate modelling and 
cross-sections from the JEF 2 database. ECN will correlate the measured and calculated masses 
with the cross-sections, and estimate the uncertainties of mass inventories and of reactor 
parameters. 

At CEA, the French LWR programme has comprised analyses of spent fuel isotopics for a 
wide range of UOX and MOX fuel types and burnups. Their analysis will be used to reduce 
uncertainties in nuclear data for actinides in MOX fuel from the JEF 2 database. 
B.2 Accuracy of strategy studies involving the use of fast neutron reactors (SCKxCEN 

Mol, CEA Cadarache, JRC-ITU Karlsruhe) 
ITU will verify actinide and fission product nuclear data, based on irradiation experiments 

in the fast reactor ΚΝΚ-Π/2. This involves composition measurements using JJDMS, alpha- and 
gamma-spectrometry and ICP-MS. 

SCKxCEN will review post irradiation examinations made on fuel samples from fast 
reactors (like ΚΝΚ-Π), so as to establish an extended data base. 

CEA will interprete the results of the analysis of the MOX fuels and samples irradiated in 
the fast neutron reactor PHENLX with JEF2 nuclear data. 
B.3 Supporting work on the evaluation of basic isotopie data (ENEA Bologna) 

ENEA will revise nuclear data files for the isotopes Pu240, Pu242 and Am241, especially 
in the range of resonances. 
B.4 Assessment of the accuracy of P&T strategy studies (BN Brussels, ECN Petten, CEA 

Cadarache) 
The activities described above will be structured, by comparing first the computational 

techniques, and by integrating all results in a common data base, so as to agree on the final trend 
analysis. 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

Summary of main issues 
From the 4 Work Packages, shortly designated by : 
WP1 : Analysis of Irradiation in Thermal Reactors 
WP2 : Analysis of Irradiation in Fast Reactors 
WP3 : Complementary Basic Data 
WP4 : Assessment of the Accuracy of P&T Strategy Studies, 
WP4 cannot be engaged before 1997, as it relies on the work made in the 3 first WPs. 

Work has begun in 1996 for WP1, WP2 and WP3, and is described below. Most of the 
activity has been spent on WP1 and WP2, to set up a comprehensive compilation of irradiation 
results for high burnup fuels. 

On WP1, the work was mainly carried out by SCK and BN on the one hand, and CEA 
on the other hand. Two tasks : Compilation of MOX fuel irradiation results from BR3 and 
other LWR reactors (SCK), and Compilation of SLB1 irradiation results (CEA) have been 
completed in 1996. ECN has also started preparation work for the sensitivity analyses. 

On WP2, work was mainly carried out by CEA ; their task, comparison of calculated 
and measured values for PHENIX, has substantially progressed. ITU has also started work. 

WP3 was started by ENEA with a re-evaluation of Am241 data files. 

C.l Work Package 1 : Accuracy of strategy studies involving the use of thermal 
reactors, especially Pressurized Water Reactors 
At SCK, a data bank has been established on the basis of post-irradiation examination 

results coming mainly from BR3, a 40 MWth, 10.5 MWe experimental reactor, characterized 
by very high burnup values reached on MOX pins. 

The data bank contains the irradiation history, the actinide vectors and some major 
fission product concentrations (Csl37, Cel44, Rul06 and all neodymium isotopes) for 71 
samples irradiated in BR3, including 23 MOX samples, covering a burnup range from 1 to 
nearly 10 atom percent. The irradiation conditions have been ranked according to a 
"plutonium transmutation quality factor". 

The data bank also contains the results of re-irradiations in BR2, a material testing 
reactor, for 25 samples including 19 MOX samples. It furthermore contains the results of 101 
samples obtained from PWR and BWR power stations (39 MOX samples) with a bumup 
ranging from 0.2 to 6 atom percent. The data bank has been made available at SCK on CD-
ROM. 

BN has selected with SCK the irradiation results which fit best to the contract 
objectives (high burnup MOX, and also check the effect of high moderation), see Table I. 

The needed calculational tools have been checked to be operational. They are 
contained in the WIMS-7 code package [1]. The calculation has begun with the follow-up of 
BR3 high burnt MOX fuel rod (80 Gwd/t). Special care has been taken to represent exactly 
the complex geometry of BR3 in a 2D heterogeneous modelling which describes the rod 
environment including changes in the shuffling of the concerned assembly. The cross-section 
file is a 172-group one, derived in 1996 from the JEF 2.2 data file. 

At CEA, the compilation of Saint-Laurent Bl (SLB1) MOX fuel irradiations is 
completed. 
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The SLBl reactor, a 900-MWe PWR, is characterized by a 30 % MOX fuel loading. The 
U235 enrichment of the U0 2 driver fuel is 3.25 % and the Pu content of the MOX fuel is 5.3 
% in average ; both types of fuels are normally staying 3 calendar years, aiming at an average 
burnup of 33,000 MWd/t. In this reactor, well characterized MOX assemblies have been 
examined so far after 1, 2 or 3 years of irradiation ; the fuel rods examined range from 9 to 
4lGWd/tHM. 

Analyses have been made to determine the concentrations in U, Pu, Am, Cm, Np 
isotopes and in Nd and Cs ; an experimental determination of burnup is given for each sample, 
either through the Nd/U ratio or through the Cs ratio measured by gamma spectroscopy. 
While these experimental results are proprietary, the C/E ratios (calculational over 
experimental values) for the isotopie compositions will be available. 

The depletion calculation for fuel inventory assessments versus burnup is sensitive to 
the local neutronic spectrum ; therefore, an accurate 2D heterogeneous assembly pattern is 
required. The APOLLO 2 code, with its collision probability transport theory methods, offers 
several options for the physical modelling of resonance self-shielding, 2D spatial representation 
and burnup. The process used aims at optimizing the calculational scheme for MOX 
assemblies, starting from a standard reference calculation and comparing the results with those 
of the reference. In doing so, accuracies can be assessed [2]. 

ECN has started work directed to a sensitivity analysis for MOX recycling in PWRs by 
applying their OCTOPUS burnup and criticality code system [3] on the OECD benchmark 
"Multiple Recycling in Advanced Pressurized Water Reactors". The agreement with other 
participants (among them BN and CEA) is very good, which gives confidence in the code 
system. 

C.2 Work Package 2 : Accuracy of strategy studies involving the use of fast neutron 
reactors 
The work carried out at ITU in 1996 has mainly concerned an optimisation of the 

analytical tools, by a dissolution of a blank stainless-steel container to determine its effect on 
separations for mass spectroscopy ; a check has also been made of the sensitivity for the fission 
gas measurement. 

The analysis is in progress on samples from the KNK-ITb campaign (remeasuring fresh 
material composition) and the KNK-IIa campaign (irradiated fission product targets). A delay 
has been caused by the hot cell operation schedule. 

At CEA the analysis of sample irradiation experiments carried out in the PHENTX 
reactor has been performed using the JEF 2.2 basic nuclear data. In a standard subassembly 
placed in the first row of the inner core of PHENIX, 46 pure actinide and fission product 
isotope capsules corresponded to the PROFIL 1 experiment, while 2X42 such capsules 
corresponded to PROFIL 2. Samples are placed inside two stainless steel containers, loaded in 
standard pin claddings, see Figure 1. 

The pure actinide isotopes are, in addition to the U ones, 5 Pu, 3 Am, Np237 and 
Cm244. Ndl48 was used as a burnup indicator. Mass spectrometry was used, with simple or 
double isotopie dilution and well-characterized tracers. All experimental results are presented 
as ratios of actinide or fission product concentrations and a global experimental accuracy has 
been estimated, accounting also for the reproducibility of the measurements. 
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The calculations make use of basic nuclear data from the JEF 2.2 file. First, it has been 
observed that the performance of the unadjusted JEF 2.2 data was fairly good already. Some 
important trends have been denoted for the major actinides. 

An adjusted nuclear data library is being set up, ERALIBI, in view to reach a better 
safety and improved performances in future fast reactor applications. The adjustment covers 
2 U isotopes and 4 Pu isotopes. An example of adjustment is the reduction by 15 % of the 
capture cross-section of Pu242 below 0.5 keV. 

C3. Work Package 3 : Supporting work on the evaluation of basic isotopie data 
At ENEA a critical analysis has been performed of available data files for Am241 

against experimental data. It was concluded that the recent work by Maslov et al. [4] in a 
collaboration between Belorussia and the Japanese JAERI was satisfactory. This has been 
taken as a starter file into which to add the ENEA high quality photon production data. Plots 
of the different file comparisons are available. 
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TABLE I 

MOX Fuels Irradiation Data Bank (SCK/ BN) 
Excerpts 

Designation 

BR3 reactor 

36.13 1 
36.13 8 
36.13 9 

ZO-100bu6 
ZO-100bu8 
3G54/pf 07 

B2000 BU1/1 
B2000 BU 1/5 
B2000 BU 3/3 

BR3/BR2 reactors 

P3/363/BU2 
P65-B1 

CHOOZ-A reactor 

DO120BU1 
DO120 BU2 

DODEWAARD reactor 

B201 D011 
B201 D014 
PB10B66 
PB12 U09 

PG34 RBU1 
PG34 RBU2-5 

%Pu 

0 
0 
0 
3.7 
3.7 
8.28 

11.3 
11.3 
11.3 

3.7 
7.77 

5.01 
5.01 

2.71 
2.71 
5.44 
0 
3.28 
3.28 

% burnup 

7.01 
8.22 
9.45 
3.93 
4.09 
2.13 
7.43 
9.95 
3.23 

6.23 
2.66 

1.57 
3.14 

2.11 
2.55 
6.03 
5.79 
3.56 
6.09 

'Pu transmutation quality factor' 

_ 
-
-

8.94 
9.15 

42.97 
7.35 
6.28 
9.87 

10.68 
10.04 

7.11 
6.36 

8.72 
14.46 
7.68 

-
14.57 
7.44 

43 



5.5-mm aiam-

Samples. 1: 

Core midplane ■ 

Maximum flux-

Ξ3 
αϊ 

s. 
E 

Standard 
Phénix ciad · 

0 

¿Ut 
T7 

α 

1 
Ef 

D 

0 
Q 

ïtr. 

1 
B 
α 

Q 

Position 
Immi 

1 8 0 

1 7 0 

1 6 0 

1 5 0 

1 4 0 

1 3 0 

1 2 0 

no 
1 0 0 

9 0 

8 0 

7 0 

6 0 

5 0 

4 0 

3 0 

2 0 

1 0 

0 

­ 1 0 

­ 2 0 

­ 3 0 

­ 4 0 

­ 5 0 

­ 6 0 

­ 7 0 

­ 8 0 

­ 9 0 

­ 1 0 0 

­ 1 1 0 

­ 1 2 0 

­ 1 3 0 

­ 1 4 0 

­ 1 5 0 

­ 1 6 0 

­ 1 7 0 

­ 1 8 0 

­ 1 9 0 

­ 2 0 0 

­ 2 1 0 

­ 2 2 0 

­ 2 3 0 

­ 2 4 0 

­ 2 5 0 

­ 2 6 0 

­ 2 7 0 

Isotope 

23S(J 

' *
s
Nd 

,0Sp d 

, 3 3
Cs 

, 0 ,
R u 

9 S
Mo 

238pu 

9 7
Mo 

2 3 9 p u 

235y 

2 4
' A m 

238y 

240p u 

Naturai l ithium 
242p u 

Natural boron 
U 3

S m 
2
" "Pu 

23Sy 

239p u 

Naturai boron 
240p u 

238y 

2*1 p u 

Natural lithium 
2 3 9 p u 

, 0 1
R u 

23Sy 

238y 

2
*°Pu 

, 3 3
Cs 

2 4 2
Pu 

9 5
M o 

i o s p d 

241pu 

Natural boron 
23Sy 

Natural lithium 
, 0 ,

R u 

242 p u 

lxs
Nd 

2 3 8
 Pu 

'
7
Mo 

w ,
A m 

M 9
S m 

23Sy 

Chemical 
form 

U 0 2 

N d 2 0 3 

Palladium 

CsF 

Ruthenium 

Molybdenum 

Pu0 2 

Molybdenum 

Pu0 2 

U 0 2 

A m 0 2 

uo2 
Pu0 2 

U F 

Pu0 2 

Boron 

S m 2 0 3 

Pu0 2 

uo2 

Pu0 2 

Boron 

Pu0 2 

U 0 2 

Pu0 2 

U F 

Pu0 2 

Ruthenium 

uo2 

uo2 

Pu0 2 

CsF 

P u 0 2 

Molybdenum 

Palladium 

Pu0 2 

Boron 

uo2 
U F 

Ruthenium 

PuO? 

N d 2 0 3 

PuO? 

Molybdenum 

AmO ? 

S m 2 0 3 

uo2 

Mass 
(mg) 

22 

22 

21.7 

23.4 

19.6 

21.5 

1 4 

21.7 

­ 1 0 

22.5 

10.0 

22.3 

3.7 

3.8 

29 

1.1 

25.8 

4.3 

24.1 

­ 1 0 

1.0 

6 

23 

5 

3.7 

­ 1 0 

2 0 

23.9 

23.7 

6.3 

22.4 

27 

21.9 

2 0 

12.5 

1.3 

24.5 

4 .2 

19 

25 

20.2 

12.6 

19.7 

13.7 

22.9 

25 

t':*­| Plutonium and 
americium 

I References 

Uranium 

[ θ ] Fission products 

Figure ι : PROFIL PIN IRRADIATION IN PHENIX 

44 



A.2.1­2 Evaluation of possible P&T strategies and of associated means to perform them 

Contract No: FI4I­CT95­0006 Duration: 1 Feb. 1996­31 Jan. 1999 

Coordinator: D. Lelièvre, CEA­Valrhô/FR 

Tel. +33/466.79.62.07 Fax: +33/466.79.60.31 

e­mail: lelievre@compote.cea.fr 

Partners: FZK Karisruhe/DE, AEA Techn. Harwell/UK, BNFL Risley/UK, BN 

Brussels/BE, SCK/CEN MoI/BE, ECN Petten/NL, JRC­ITU Karlsruhe/EC, 

GRS Köln/DE, ENEA Roma/IT, Univ. "Politecnico" Milano/ΕΓ 

A. OBJECTIVES AND SCOPE 

The objective of this study is to give indications on what can be expected from P&T strategies. 

This will be achieved by the evaluation of these strategies according to several criteria, relative to their 

main advantages or drawbacks. To take into account their time dependence and the national position 

of each participating country, the global evaluation will be performed on scenarios defined in common 

by representatives of all nations involved in the study. 

The criteria include of course the technical feasibility of the different operations needed to 

perform the strategies: fuel reprocessing to achieve the partitioning of the radionuclides to be 

transmuted, transmutation techniques and related fuel or target fabrication. They also include their 

costs, the amounts of waste they generate and their associated risks. Short term risks arise from 

possible reactors accident or from workers exposure to radioactivity in the fuel cycle operations. On 

the other hand, the existence of separated fissile material is also considered by some as a risk. Finally, a 

long term risk induced by the radionuclides remaining at earth's surface or by those returning to the 

biosphere from a deep underground repository continues to exist. 

B. WORK PROGRAMME 

B.l Global evaluation (CEA Valrhô, FZK Karlsruhe, BNFL Risley, SCK CEN Mol, ECN 

Petten, ENEA Roma) 

The global evaluation of possible P&T strategies must consider the time dimension and it is 

proposed to develop a small number of scenarios, based on these possible strategies. These scenarios 

will have to take into account, not only conceptual aspects, characterised e.g. by the type of steady 

state expected, but also the operational aspects characterized, e.g., by political or public opinion 

constraints, urging some countries to take decisions on radioactive waste management. 

B.2 Assessment of partitioning techniques (CEA Valrhô, ENEA Roma) 

The consequences of the use of plutonium highly enriched fuel for PWRs and FRs on 

partitioning will be assessed. The possibility of using enhanced "PUREX based" and/or 

pyro metallurgical processes will be investigated. 

B.3 Assessment of the feasibility of transmutation (CEA Valrhô, FZK Karlsruhe, BNFL 

Risley, BN Brussels, ECN Petten, GRS Köln, ENEA Roma, Univ. "Politecnico" Milano) 

Transmutation techniques in PWRs and FRs will be assessed on the basis of core computations 

with assumed loads of "advanced" MOX fuels or specific targets containing americium and/or curium. 

"U­free" reactor concept will be investigated. The optimisation of plutonium consumption will be 

investigated, while keeping the core safety features at a reasonable level. 
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B.4 Assessment of the feasibility of advanced fuel or target fabrication (BN Brussels, JRC­

ΓΤυ Karlsruhe, ENEA Roma) 

Fuel and target requirements for these transmutation devices will be established, and related 

fabrication processes derived from them. The operation risks due to dose received by the workers 

when handling radioactive materials in the fuel cycle operations will be assessed. 

B.5 Assessment of geological barrier efficiency (AEA Technology Harwell, SCK­CEN Mol, 

GRS Köln) 

The efficiency of three geological barriers (clay, hard rock, salt) will be assessed for several 

waste types containing different radionuclide inventories (spent UC^fuel, spent MOX ίυβζ vitrified 
HLW, actinide depleted vitrified HLW, separated actinides in advanced conditioning matrices, spent 
FR-MOX fuel after multiple recycling). 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 
Summary of main issues 
In the area of global evaluation, 5 scenarios were defined for further assessment. The first 

one is the open cycle, with only one evolution, 40 years after the beginning of the scenario, in 
the burnup and fuel management of the UOX-fuelled PWRs. The total installed electric power 
remains at the constant rate of 120 GWe all over the time. Three other scenarios are 
considering actual P&T, after a 40-year period during which the plutonium is only recycled 
once. These scenarios differ by the type of reactors that are implemented (only PWRs, both 
PWRs and FRs or only FRs). The power rate is the same as in the case of the open cycle 
scenario. The last scenario is supposed to start from the equilibrium state of one P&T scenario 
and to describe the shutdown of the nuclear system in a way that limits the amounts of 
remaining radioactive materials after its complete stop. This has been reported [1] in 
accordance with the contract dispositions. The first scenario has been simulated and evaluated 
with respect of the short term risk to the public [2]. To support the work of other Work 
Packages, the characteristics of two reference fuels (UOX and MOX for conventional PWRs) 
have been provided [3] [4]. In the area of waste repositories, preliminary calculations were 
performed and models adapted to cover the situations resulting from the different scenarios in 
the 3 selected geological formations. As regards transmutation, highly moderated (HM) 
PWRs and CAPRA FRs have been investigated both on the standpoints of incineration 
performances and safety requirements. Inert matrix fuel suitability for P&T purposes is being 
evaluated, as well as its fabrication by sol-gel or impregnation techniques. Preliminary 
assessments of PUREX-based reprocessing applied to CAPRA fuels and pyrometallurgical 
processes were performed. 

C.l Global evaluation 
In the period covered by this report, the planned activities in this work package were to 

define 5 scenarios that would be evaluated in the following of the work and to study the first 
of them. The scenario definition was supposed to take place within the first 3 months of the 
contract (i.e., by 04/96) and the study of the first one six months later (i.e., by 10/96). This 
was actually achieved roughly in time. Reports on these 2 tasks were planned as contractual 
deliverables. The first one has been published but the second is still in progress although a 
report on the radiological impact of the first scenario was also published. 

Moreover, it appeared necessary to provide homogeneous data to all the participants in 
the different Work Packages in order to ensure a relevant comparison of solutions. This was 
particularly needed in the case of fuel characteristics that are essential in the definition of 
partitioning processes, fabrication facilities and simulation of radioactive material migration 
in the geological formations. Thus, the delivery of the characteristics of the fuels used in the 
selected scenarios was decided and two of them have been provided in 1996. 

As regards the evaluation of doses to the workers, it was considered that any new facility 
will have to meet the present requirements in this respect and therefore, only upper regulatory 
limits could reasonably be given. This could be done, if required, but has no discriminatory 
value for the global evaluation. 

In the area of proliferation resistance, there is no currently accepted criterion to evaluate a 
situation or a strategy. It is proposed to build a multiple criteria methodology to reach this 
goal, this methodology could be tested with the first available scenario results and then 
generalised. 
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Finally, as regards the cost evaluation, it appeared that the costs of new reactors, both on 
the investment and the operation standpoints, were not possible to assess with the present 
tools and with the allocated resources. As these costs represent the main part of the whole cost 
of nuclear electricity, the economical evaluation of the scenarios was abandoned. 
1. Scenario studies 

The first selected scenario illustrates an open cycle strategy. It is supposed to begin in 
2000 with an existing reactor population composed of UOX-fuelled PWRs generating a total 
electric power of 120 GWe. In the first 40 years, the reactors are supposed to be managed of 
1/5 core with a fuel burnup of 47.5 GWd/t. After 2040, the fuel management is enhanced to 
1/6 corresponding to a burnup of 55 GWd/t. 

The three P&T scenarios begin with a 40 year common period during which the reactor 
population is composed of fully UOX-fuelled PWRs in the one hand and of 30% MOX-
fuelled PWRs in the other hand. The portion of each type of reactors is adapted so as to ensure 
that all the plutonium produced by the UOX fuel is reused in the MOX fuel and that this 
MOX fuel is not reprocessed. It is then kept in interim storage to be processed and recycled in 
the continuation of the scenarios. The reactors have the same characteristics as those used in 
the same period in the open cycle scenario. After 2040, MOX-fuelled reactors are gradually 
replaced by HM-PWRs with a burnup of 56 GWd/t or by CAPRA FRs with a burnup of 
210 GWd/t, depending on the scenario. The simulation is performed until an equilibrium state 
is reached. In the case of the FR implementation, the evolution of the reactor population is 
continued with the replacement of UOX-fuelled PWRs by CAPRA FRs in a breeding 
configuration. In these scenarios the total electric power remains constant at 120 GWe. 

Finally, a scenario with a gradual decrease of the electric power has been selected. In this 
case the intention is to obtain a minimal radioactive material remainder after the complete 
stop of nuclear power generation. 

In all the cases where reprocessing is operated, the losses at the plants are supposed to be 
equal to 0.12% for the actitudes. The minimum cooling time before reprocessing is 5 years 
and the plutonium ageing time before MOX fuel fabrication is 2 years. 

The open cycle scenario has been simulated. Of course, its equilibrium is reached very 
soon : in 2050 the annual natural uranium requirements are stabilised at 15,300 tons, the 
enrichment at 11.4 MSWU (SWU=Separation Work Unit), the depleted uranium production 
at 13,600 tons, the fuel fabrication at 1,660 tons and the equivalent for irradiated fuel 
production. 

The radiological impact on the human population during the open cycle scenario has also 
been assessed. It appears that mining and milling and reactor operation are the two main 
sources of risk, amounting to 120 man.Sv each at equilibrium. 

2. Data for reference fuels 
The fuel contents in terms of mass and activity of actinides, fission products, tritium (Ή) 

and C at cooling times ranging from 5 to 500,000 years has been provided for 2 reference 
fuels used in the scenario studies : UOX an MOX for conventional PWRs. 

C.2 Assessment of partitioning techniques 
There are two main aspects concerned in this Work Package. The first one is to determine 

whether a PUREX-derived reprocessing process would be suitable for partitioning CAPRA 
fuels similar to those considered in some scenarios. The second one is to evaluate the 
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alternative possibility provided by pyrochemical processes for all highly enriched in 
plutonium advanced fuels considered in the scenario studies or in other transmutation studies. 

As regards the reprocessing of CAPRA fuels by liquid-liquid extraction, the reference 
CAPRA fuel characteristics were not yet available in 1996. Therefore, only a preliminary 
assessment have been performed on the standard CAPRA fuel (burnup of 140 GWd/t). It 
showed that the main issue is the possibility of dissolving the fuel in nitric acid. It also 
appeared that the current head-end of the process, in particular, with respect to the mechanical 
operations would have to be designed in a more appropriate way. Finally, the treatment of 
additional components to fuel assemblies, such as diluent or moderator pins, was also 
identified as a problem requiring a careful study. 

As regards the pyrometallurgical partitioning process, the selected process is originally 
applicable to metal fuel. The first issue for its application to oxide fuels is to devise a 
reduction stage to obtain metal. The second one is to obtain a specific separation of actinides 
which otherwise would remain associated with the plutonium at the same content as that of 
the irradiated fuel. These two aspects are currently on progress. 

C.3 Assessment of the feasibility of transmutation 
This Work Package is mainly intended to confirm that the hypotheses taken in the 

scenario studies with respect to the possibility to massively recycle actinides, and in the first 
place plutonium, in advanced burner reactors are well grounded. Two solutions are specially 
emphasised, highly moderated (HM) PWRs and CAPRA type FRs, and this because, although 
plutonium recycling in PWRs is already an industial reality, its generalisation in the current 
conditions comes up against two redhibitory hurdles. The first is that present core 
configurations (30% MOX fuel, 5 to 8% of plutonium in the fuel content) are not sufficient to 
balance the plutonium build-up and consumption. The second is that calculations show that 
the successive plutonium recyclings make its isotopie content evolve towards a depletion in 
odd fissile isotopes. To keep the required reactivity would lead to an increase in the plutonium 
content of the loaded MOX fuels, which would not meet any longer the current safety criteria. 

As regards the HM-PWRs, several parametric studies are in progress. The criteria are on 
the one hand the respective actinide build up and consumption of the various core 
configurations, on the other hand the usual safety related criteria. In this respect, the effect of 
varying the plutonium content of the fuel, the MOX content of the core, the moderating ratio, 
the fuel burnup and the nature of the fuel matrix is being investigated. Besides, specific core 
configurations allowing for minor actinide transmutation are also being addressed. There was 
no milestone associated with this task in 1996 and so no official report have been published. 

As regards the transmutation in CAPRA FRs, three aspects are being considered. The 
first one is to devise a high burnup reactor core suitable for the objectives determined in the 
scenario studies, i.e., 210 GWd/t. This task is roughly finished and the corresponding report 
will be published in the beginning of 1997. The second one is to evaluate the effects of minor 
actinide additions in this kind of reactor. The first step has consisted in reviewing the possible 
options for incorporation. The third aspect is the study of a core disruptive accident and its 
effects on safety. The first part of this study was dedicated to the initiation phase and it 
appeared that, in this phase, CAPRA cores were very similar to that of the European Fast 
Reactor (EFR) core. The recriticality effects are currently being evaluated. In a preliminary 
approach they seem more detrimental than in the case of EFR. 
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C.4 Assessment of the feasibility of advanced fuel or target fabrication 
Three kinds of fabrication processes are being evaluated for the fuel and targets needed in 

the various P&T strategies : sol-gel ones, impregnation ones and processes derived of the 
current powder blending ones. 

In the latter case, the main issue is to evaluate the additional shielding that would be 
necessary to handle safely the new fuels and targets. This requires to know the characteristics 
of these materials. These characteristics were not available in 1996 and so this task has been 
postponed. 

As regards the sol-gel methods, a gel supported precipitation (GSP) processed has been 
devised is being investigated. Some experiments are in progress with plutonium simulated by 
cerium in the form of sol-gel microspheres and with various inert matrix. Simulated fuel 
material has thus been fabricated and characterised and the results ofthat seem promising. 

As regards the impregnation methods, an americium target has been fabricated using such 
a process, in the framework of the EFTTRA program. The obtained material has been 
characterised and the target is now being irradiated in the HFR reactor in Petten. 

No specific milestone was planned in this area in 1996. 

C.5 Assessment of geological barrier efficiency 
The purpose of this work package is to evaluate the long term risk resulting from the 

disposal, in deep underground repositories, of the radioactive wastes arising from the nuclear 
systems considered in the scenario studies. The evaluation is carried out for three possible 
geological formations, namely clay, hard rock and salt, in which repositories could be built. 
The first step of this study was to determine how this will be performed. To avoid 
unnecessary modelling efforts it was decided to have a site specific approach where a site 
modelling was already available, i.e., in the case of clay and salt formation. In these cases, the 
selected sites are Mol, Belgium, and Gorleben, Germany, respectively. On the contrary, in the 
case of hard rock, a generic approach was selected. To take into account the actual waste 
streams arising in each scenario, the repositories are sized, in a first step, according to their 
design capacities, and then the long term effects are extrapolated from that after normalisation 
to 1 TWh. 

In accordance with this, first calculations were performed on the case of spent fuel 
disposal. The maximum resulting dose rates to the most exposed people (3 pSv/a in clay for 
5,000 tons of fuel, 8 10"3 pSv/a in hard rock for 15 tons of fuel, 7.6 pSv/a in salt for 
10,000 tons of fuel), when evaluated in a deterministic way, appear roughly at the same time 
(100,000 years after disposal) and at the same level (between 0.5 and 1 μ8ν^ per 1.000 tons 
of fuel) for all geological formations. The main contribution to that comes from iodine. 

Preliminary evaluations of the relative effects of spent fuel in comparison with vitrified 
high level waste resulting from reprocessing show that the latter have generally lower contri­
bution except in the case of repositories in salt formations in which the effects are similar. 

A sensitivity analysis on several chemical characteristics in the neighbourhood of the 
repositories showed that the effects could be drastically enhanced and modified in their times 
of occurrence if uncertainties were taken into account. 
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A.2.1-3 Thorium cycles as a nuclear waste management option 

Contract No: FI4I-CT96-0011 Duration: 1 May. 1996 - 30 Apr. 1999 

Coordinator: H. Gruppelaar, ECN, Petten/NL 

Tel. +31/22456/4083 Fax: +31/22456/3490 

e-mail: gruppelaar @ecn.nl 

Partners: CNRS Paris/FR, BN Brussels/BE, CEA-Cadarache/FR, KFA Jülich/DE, JRC-

ΓΤυ Karlsruhe/EC, ENEA Roma/TT 

A. OBJECTIVES AND SCOPE 

The objective is an assessment of thorium cycles in the context of limitation of nuclear waste 

production and of prospectives for waste burning. The major cycle steps have to be reviewed, focused 

on the European situation with thorium fuelled PWRs and FRs as candidate reactors. 

For one thorium fuelled hybrid system, the fuel cycle aspects will be considered with emphasis 

to the radiotoxicity of fuel inventory and waste production. 

B. WORK PROGRAMME 

The work consists of work packages with respect to the following subjects: 

B.l Radiological aspects of mining (CNRS) 

B.2 (Re)fabrication aspects of thorium based fuels (BN) 

B.3 Reactor assessments 

B.3.1 Thorium fuelled PWR cores with minimum actinide production (ECN) 

B.3.2 Thorium fuelled PWR cores for burning transuranium elements (KFA) 

B.3.3 Thorium fuelled fast reactor cores (CEA) 

B.3.4 Accelerator-driven systems with thorium (ENEA) 

B.4 Reprocessing of thorium fuel by the THOREX process (KFA) 

B.5 Residual risks of long-term disposal (CNRS) 

B.6 Technical issues related to non-proliferation (JRC-ITU) 

For each work package the results will be reported, including a review of the state of the art 

and prospectives and problems to be envisaged. 
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C. Progress of work and results obtained 
Summary of main issues 

During a kick-off meeting held at Petten , end of June 1996 the action 
plans of the various working packages have been reviewed. Some adjustments 
have been made in the planning, agreement has been obtained on standards 
and methodology and it was decided to have the next meeting at CNRS, Orsay 
on April 7/8· Since there are already many reviews on the thorium cycle, 
it was stressed that the present investigation should address the topic of 
nuclear waste. New in this respect is that the entire fuel cycle, from 
mining to storage, will be evaluated on possible advantages (compared with 
U-loaded PWRs) with respect to both long-lived radiotoxicity and 
radiological effects to the present and future populations. Also the topic 
of Pu and possibly TRU burning is addressed. Overlap with the current IAEA 
programme is avoided. More detailed results will be given after the pro­
gress meeting in April 1997· 

C.l Radiological aspects of mining (CNRS) 

A 4-step action plan was defined at the kick-off meeting consisting of (1) 
Data collection from literature, (2) Radiotoxicity calculation of tailings 
from mining, (3) Residual short-term and long-term risks and (k) Health 
impact to radiological workers. Action (1) has been completed and 
calculations have been performed on action (2) . The radiotoxicity of the 
academic case of pure thorium ore is dominated by Ra-228, disappearing 
after about 60 years. For U-tailings the radiotoxicity is much higher and 
disappears only after 10,000 to 100,000 years. However, in practice ore 
contains thorium as well as uranium and therefore the picture is more 
complicated. Results will be reported later in the contract period. 

C.2. (Re)fabrication aspects of thorium based fuels (BN) 

A 2-step action plan was formulated : (1) Review of radiation exposure to 
radiological workers , (2) Evaluation of additional protection measures. 
Some literature survey has been made and it was decided to limit this 
activity to fuels considered in thermal reactors only. The work has been 
postponed until the fuel composition resulting from work packages C.3.I and 
C.3-2 is known. 

C.3· Reactor assessments 

In total four reactor types are being considered from the point of view of 
minimum 
long-lived radiotoxic waste production and Pu- or THR-burning. 

C.3-1 Thorium fuelled PWR cores with minimum actinide production (ECN) 

The action plan contains the following elements: (1) Reference PWR 
calculation, (2) Assembly calculations, (3) Evaluation of once-through PWR 
with Th, (4) Evaluation of PWR core with Th and U-recycling. For the 
reference core the N4 reactor assembly was selected. Calculations have been 
performed for this core with the WIMS-7 code package and the results have 
been communicated to KFA (Work package C.3-2) for intercomparison. Also 
cell calculations have been performed for a Th/Pu core for intercomparison 
with KFA. Action (2) starts in I996. 
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C.3-2 Thorium fuelled PWR cores for burning transuranium elements (KFA) 

The action plan consists of (1) Literature study, (2) Assembly type of 
burnup calculations, (3) Core calculations, (4) Evaluation. Both once-
through and U-recycling options will be considered for Pu and TRU burning. 
In addition Pa-231 recycling is considered. The same PWR reference core as 
used in Work Package CI will be calculated. The literature study has been 
completed. An important point to take into account is the fact that thorium 
bearing fuels can withstand a very long burnup. At present assembly type of 
calculations are being performed. 

C.3-3 Thorium fuelled fast reactor cores (CEA) 

The CEA action plan consists of the following points: (1) Characteristics 
and performances, (2) Physical cycle variables, (3) Comparison with 
standard fast reactors, (4) U-recycling in a park of reactors. Some results 
have already been obtained by comparing a standard (U,Pu)02 core with a 
(U,Pu,Th)02 core without blankets. An important advantage of the thorium 
fuelled core is that the reactivity loss over burnup is strongly reduced. 
Further calculations with the cell code ECCO and the data file JEF-2.2 are 
in progress. 

C.3-4 Accelerator-driven systems with thorium (ENE) 

The action plan consists of three points: (1) Validation of codes and 
libraries, (2) Determination of evolution of kel£ and proton current 
during burnup and (3) Evaluation of fuel inventory and radiotoxicity flow. 
Action (1) has been completed by performing benchmark tests with the Monte 
Carlo code for materials occurring in the Fast Energy Ampli-fier, proposed 
by CERN. The results are satisfactory. 

C.4 Reprocessing of thorium fuel by the THOREX proces (KFA) 

The KFA action plan consists of three items: 1) Literature survey, (2) Full 
actinide recycling options, (3) New developments. The literature survey has 
been completed. The THOREX process for separation of thorium and uranium 
promises small losses. If Pu has to be recycled as well, THOREX and PUREX 
have to be combined. Pa recovery is possible in a pre-separation step 
before the THOREX process starts. 

C.5 Residual risks of long-term disposal (CNRS) 

A 4-stage action plan was presented by CNRS: (1) Production of Th02, (2) 
Solubility determination, (3) Dissolution determination, (4) Risk 
calculations using the determined constants. Action (1) has been completed 
with the production and characterization of Th02 in crystalline form. This 
experimental work is continued with the determination of parameters, 
necessary as input for the risk calculations of geologically stored spent 
fuel from the thorium cycle. 

C.6 Technical issues related to non-proliferation (JRC-ITU) 

The action plan of ITU contains the following points: (1) Identification of 
relevant nuclides and (2) Isotopie vectors, (3) Definition of parameters 
expessing non-proliferation resistance, (4) Evaluation. Action (1) has been 
completed. Action (2) has been completed for the case of FEA (C.3-4). 
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A.2.1-4 Impact of the accelerator-based technologies on nuclear fission safety (IABAT) 

Contract No: FI4I-CT96-0012 Duration: 1 May. 1996 - 30 Apr. 1999 

Coordinator: W. Gudowski, Univ. KTH/SE 

Tel. +46/8/796394 Fax: +46/8/105519 

e-mail: wacek@neutron. kth.se 

Partners: CEA Cadarache/FR, ECN Petten/NL, KFA Jülich/DE, ENEA Casaccia/ΓΓ, 

FZK Karlsruhe/DE, JRC-ITU Karlsruhe/EC, AEA Techn. Harwell/GB, 

Univ. Uppsala/SE, ENEA Bologna/IT, Univ. Chalmers G-oeteborg/SE 

A. OBJECTIVES AND SCOPE 

The overall objective of the IABAT project is to make a European assessment of the 

possibilities of accelerator-driven hybrid reactor systems from the point of view of safe energy 

production, minimum waste production and transmutation capabilities. 

B. WORK PROGRAMME 

The working programme includes the following items : 

B.l System studies on an accelerator driven hybrid 

B . l . l ADS safety and economical assessments, accident scenarios (KTH) 

B.1.2 Physics of ADS (CEA) 

B.1.3 Analysis of the ADS dynamics (Univ. Chalmers) 

B.1.4 Neutronics of ADS (ENEA Casaccia) 

B.1.5 Incineration of transuranium elements with the accelerator-driven liquid Lead system 

(KFA) 

B.1.6 Spallation target optimisation (FZK) 

B.1.7 Yields and radiotoxicity of spallation products and validation of spallation computer 

codes (ENEA Casaccia) 

B.1.8 Objective for ADS transmutation based on HLW repository risk (AEA Techn.) 

B.2 Assessment of the technology and cost of linear and circular accelerators (AEA 

Techn.) 

B.3 Basic nuclear and material data 

B.3.1 Evaluated Nuclear Data File (ENDF) for protons on Lead (ECN) 

B.3.2 Validation and measurements of some cross-sections above 20 MeV and measurements 

of the fission yields for 233U thermal fission and 232Th fast fission (Univ. Uppsala) 

B.3.3 ENDF for selected isotopes and projectiles up to 200MeV (ENEA Bologna) 

B.3.4 Radiation damages at the spallation target enclosure walls (ENEA Casaccia) 

B.4 Studies of the fuel cycle for ADS 

B.4.1 Studies of ADS for LWR-waste transmutation (KTH) 

B.4.2 Accelerator breeding based on Thorium cycle and liquid Lead coolant / carrier (KFA) 

B.4.3 Strategy and radiotoxicity consideration for ADS fuel cycles (JRC-ITU) 

B.4.4 Evaluation of ADS burning capabilities, fuel inventory and radiotoxicity flow for 

minor actinide and plutonium burning (ENEA Casaccia) 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

Specific ADS systems have been chosen for future analysis. These systems cover a wide 
range of different ADS parameters like: neutron spectra varying from superthermal to fast 
neutrons, fuel form from solid through suspension in liquid lead to molten salt solutions. 
ADSs studied in this project involve different fuel cycles: Thorium based Plutonium burnurs, 
LWR waste incinerators and minor actinides incinerators. A number of code systems to 
simulate, validate and benchmark different ADS concepts were setup. For high energy 
transport simulations, codes: : HETC [1], LAHET [2], FLUKA [3] and NMTC/JAERI [4] 
were used. For neutron transport below 20 MeV, codes MCNP [5], MORSE [6] and 
TWODANT [7] were adapted. Burnup calculations were performed with ORIGEN [8] and 
KARBUS [9] codes. 

For assessment of the accelerator technology the basic requirements for the accelerator 
power and performance have been preliminary formulated. 

First experiments on 232Th fission yields 233U fast fission yields have been performed at 
OSIRIS mass-separator facility in Sweden. 

The basic nuclear parameters and nuclear model calculations for neutron and proton 
transport data for intermediate energy range from 20 to 150 MeV. It has been agreed that the 
optimal way of performing ADS calculation in the future will be the creation of the 
intermediate energy range cross-section library for neutrons and protons and extending the 
existing reactor cross section libraries to energy up to 150 MeV. 

First calculations of the radiotoxicity of the Th-based ADS fuel cycle were performed. 

C.l. System studies on an accelerator driven hybrid 

Preliminary physics studies of the different ADS systems were performed with special 
attention to neutron spectrum, transmutation rates, spallation processes in the target and 
spallation target optimization. It was decided to setup, use and develop a number of code 
systems to simulate, validate and benchmark different ADS concepts. For high energy 
transport simulations, codes: HETC, LAHET, FLUKA and NMTC/JAERI were used, for 
neutron transport below 20 MeV, codes MCNP, MORSE and TWODANT. Burnup 
calculations were performed with ORIGEN and KARBUS codes. First studies were 
performed for a wide range of ADS as thermal and fast neutron systems based on molten salt 
coolant/fuel and liquid lead based fast and thermal neutron systems with different fuel forms. 

For spallation targets studies of the different materials, optimal dimensions and spallation 
product generation were performed. 

Moreover, in this workpackage some analytical studies were started to proof the feasibility 
of computational models of critical reactor, like point reactor kinetics, for subcriticai systems. 
Also the space kinetics in 2-D cylindrical geometry with fuel recirculation has been studied. 

C.l.l. ADS safety and economical assessments, accident scenarios - KTH, Sweden 

System studied: 
• Molten salt and liquid lead systems 
Tasks: 

• Performance analysis of the ADS-system for different spectrum. MCNP + ORIGEN 
• Coupling FLUKA -MCNP and FRITJOF/DUBNACE -MCNP [10] under way 
• Optimization of the spallation target 
• Collecting of the accelerator performance data 
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• MSc thesis completed on analysis of the spallation target with Fluka-code. 

Two examples of the project results are presented on Figs 1 and 2. 
Fig. 1 presents the results of FLUKA calculation of the neutron spallation yield for 

Lead/Bismuth target. Fig. 2 shows the dependence of the total neutron production from Pb/Bi 
spallation target as a function of target dimensions: radius and length. 
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Fig. 1. Spallation neutron production in 
different target materials as a function of the 
incident proton energy. Target diameter 25 
cm, length 100cm. The expression for the 
neutron production (upper left corner) is 
valid for 0.8 < E < 4 Ge V. 

Fig. 2. Spallation neutron production per incident 
proton as a function of spallation target size. 
Incident proton energy ­ 1.6 GeV, Pb/Bi target. 

C.1.2. Physics of ADS ­ CEA, France 

Systems studied: 
• a superthermal neutron spectrum system (LANL ­ ATW system), 500 MWth and or a 

fast neutron spectrum (JAERI Molten Salt System ­ IMS), 800 MWth. 
Studies on the physics of ADS's have been developed for two systems using molten salts. 

The composition permits to obtain a superthermal neutron spectrum (ATW) or a fast neutron 
spectrum (JMS). 

The first part of these studies consisted of : 
• Defining the molten salt composition to obtain a given type of spectrum. 
• Determining the main characteristics of the system. 
• Defining the way to obtain an equilibrium. 

Calculations use : 

• The HETC code to characterize the interactions between protons and target 
elements down to a cut­off energy of 15 MeV. 

• Below 15 MeV the JEF2.2 data are processed through the MICROX2 cell code. 

• Core calculations and burn­up are done with 2DTB. 

Sample results for ATW system: 
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A parametric study on the fraction of TRU's in the salt gives the best k« and the 
composition formula. 

Salt Formula : 79.27 LiF - 20.67 BeF2 - 0.06(TRU)F4. 

Table I. TRI 
238Pu 
1.40 

U in atomic %. 
239Pu 
51.51 

240Pu 
23.77 

241p u 

7.92 
242p u 

4.83 

237Np 
4.58 

241Am 
5.07 

243 Am 
0.92 

Sample results for JMS system: 
Salt Formula : 64 NaCl + 36 (MA)C13 

Table Π. M 
" 'Np 
56.87 

A's in atomic %. 
241Am 
26.27 

M A m 
11.85 

244Am 
5.01 

C. 1.3. Analysis of the ADS dynamics - CTH, Sweden 

Survey of existing literature on ADS dynamics has been performed. A good overview of 
work by various groups that had been done in the area has been acquired, as well as the main 
points of interest in ADS dynamics were identified. The concrete way of executing the 
subsequent items of the work schedule has been specified further. 

The acquiring of the basic material constants is underway. 
A certain piece of work has been performed that has some relevance to the dynamics of 

ADS systems. The problem consists of the description of the dynamic response of a 
multiplying system with a non-constant volume (varying boundaries), and the necessary 
modification of reactor physics approximations that are used in dynamic calculations [11]. 

C.1.4. Neutronics of ADS - Politecnico di Tonno in contract with ENEA-Casaccia 

This workpackage is performed in a contract ENEA - Politecnico di Torino. 

Assessment of point reactor kinetics model for source injected subcriticai reactor 
dynamics 

The effective delayed neutron fraction for a fully-mixed multiplying system where delayed 
precursors are instantly redistributed in the core has been evaluated. Typical results are 
presented in Table III . An overall reduction of 20% is experienced. Therefore, this effect is 
important and cannot be overlooked in safety assessments. 

Solution of space kinetics problems in one-D with fuel recirculation 
A one dimensional diffusion problem with an externally-imposed velocity field has been 

studied. Both analytical and numerical techniques have been employed. Results show a 
remarkable spatial deformation of the precursor distribution. In Fig. 3 the evolution following 
an instantaneous and homogeneous change in multiplicativity is reported in a one-group 
system. Although of course point kinetics would not be applicable, the possibility of a 
consistent definition of the kinetic parameters is currently being investigated. 
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Solution of space kinetics in two­D cylindrical geometry with fuel recirculation 

The multigroup diffusion equation are being discretized, in the presence of fuel 

recirculation and neutron source. Preliminary results have been obtained for the reference 

stationary reactor. 

Table ΠΙ ­ Effective delayed neutron fraction 

in a fully mixed subcriticai reactor, for 

different spatial configurations of the source; 

L/H is the fraction of the reactor volume 

occupied by the source. 
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0.81163 

0.81163 

0.81163 

0.81163 

0.81163 

0.81163 

0.81163 

(β^/βΪΜΡΚ 
0.80692 
0.80692 
0.80697 
0.80714 
0.80885 
0.81202 
0.81795 
0.82010 
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. distribution after 1 s 
. distribution after 5 s 

Fig. 3. Power (on the left) and precursor 
space distribution (on the rigth) transients in 
a subcriticai (k=0.99) reactor following an 
istantaneous increase of multiplicativity of 
200 pern. 

C.1.5. Incineration of transuranium elements with the accelerator-driven liquid Lead 
system · KFA, Germany 

System studied: 
• Liquid Lead cooled and fuelled (TRU suspensions) thermal neutron system 

Preliminary results have been obtained in studies of the multiplication ratio by cell 
calculations depending on: 

• TRU loading 
• TRU composition 
• Moderation ratio (pitch) 
• Burn-up 

C.1.6. Spallation target optimisation - KfK, Germany 

System studied: 
• (233 U,232 Th - core with a hard neutron spectrum 

Verification of HETC-TWODANT versus HETC-MCNP 
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From code comparisons we can conclude that the relative deviations of the one group cross 
sections of the individual isotopes are less than 20%, except for threshold reactions. The 
largest relative deviation has been found for the inelastic scattering reaction of 2 3 3 U (86%). 
When comparing the results of HETC-TWODANT and HETC-MCNP it has to be kept in 
mind that the cross section libraries used with MCNP or with TWODANT are based on 
different nuclear data. 

The relative deviation for the total neutron flux density per source neutron is about -40% 
corresponding to a relative deviation in k^ff of about -4% (relative to MCNP). 

Investigation of the influence of the location of the proton source within the target 

The proton pencil beam enters the cylindrical core from the bottom along its center axis 
through a vacuum channel of radius 0.5 cm and of variable length. The beam hits the target at 
the end of the vacuum channel. The energy of the proton beam is 1.5 GeV per proton. The 
results shown in Tablel have been obtained with the HETC-MCNP chain. The impact point of 
the neutron beam on the target is varied from 0.0 cm (bottom of the core) to 67.0 cm 
(coremidplane) with step widths of 10 cm to 17 cm. 

Investigation of the influence of different target materials 

In an further investigation the material composition of the otherwise homogeneous core 
has been modified in a cylindrical region of 0.5 cm of radius around the center axis of the 
core. In this region the homogeneous mixture has been replaced in different studies by 2 3 2Th, 
208Pb 1 8 6 W , Z r n a t , 2 3 3 U, 2 3 9 Pu (with 100% and 90% of its theoretical density) and 
core: 2 3 2Th, 2 3 3 U mixed oxide with 14 at% of 2 3 3 U. For the different material 
substitutions along the center of the core the total number of neutrons per proton (produced by 
intranuclear cascade reactions (INC), evaporation (EVAP), and high energy fission (HIFISS)) 
has been calculated using HETC. Moreover the number of neutrons produced in the center 
zone (r=0.5 cm), the number of neutrons with E 20 MeV and the number of neutrons with 
E 10 MeV have been determined. The largest number of spallation neutrons is obtained, if 
the central region is filled with 2 3 9Pu with 100% theoretical density, namely 49.2 neutrons 
per proton. The smallest number of neutrons (36.6) is obtained, if in the center region the 

homogeneous mixture of the core is replaced 
by Zr n a t . 

Isotope Concentrations 
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Fig. 4. The isotopie concentration of 239Pu, 
233 233 

Incineration of LWR waste Pu in a 3000 

MWth core with T h 2 3 2 ­ Pu fuel 

The code chain HETC­TWODANT­

KARBUS has been applied to calculate the 

incineration of Pu in a 3000 MW(th) core with 
2 3 2Th ­Pufuel. 

Figure 4 shows the development of the 

isotopie concentration of 2 3 9Pu, 2 3 3 U, and 
2 3 3Pa during the burnup time specified above. 

For the results that are represented by dashed 

U, and Pa during the burnup time 
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Iines neutron flux density spectra from MCNP calculations have been used for the 
determination of the one group cross sections used in the burnup calculations. 
Table IV gives the burnup dependant concentrations of 20 actinides. 

232 . Table IV. Change of the Actinide composition of a Th-Pu core during Burnup 

Proton Energy 1600 M e V / Power of the Core 3000MW(th) 

Isotop 
Fu235 

Pu133 

Pu140 

Pu2" 
Pu"2 

T. Pu 
Th233 

Pa233 

U232 

υ233 

U2» 
JJ2X 

u2* 
Np231 

Np233 

AmUi 

Am2*2 

Am2*™ 
Am2*3 

Cm2*2 

Cm2** 

weight in kg 
Begin 
64.18 

2267.72 
966.70 
519.89 
220.24 

4038.72 
19121.13 

365 d 
48.90 

1545.80 
967.38 
369.74 
227.57 
3159.40 
18060.89 

47.17 
4.65E-1 
782.98 
31.02 
1.77 

1.45E-1 
1.93E-2 
1.29E-5 
17.65 

2.85E-6 
2.38E-1 

15.04 
1.04 
2.00 

Change 
-15.27 

-721.92 
6.81E-1 
-150.15 

7.33 
-879.32 
-1060.24 

47.17 
4.65E-1 
782.98 
31.02 
1.77 

1.45E-1 
1.93E-2 
1.29E-5 

17.65 
2.85E-6 
2.38E-1 

15.04 
1.04 
2.00 

2 * 365 d 
39.82 

1076.45 
923.59 
283.19 
225.60 
2548.64 
17105.83 

42.55 
8.78E-1 
1232.35 
75.96 
7.75 

5.97E-1 
7.35E-2 
2.18E-5 

25.92 
7.64E-6 
6.38E-1 

25.42 
2.18 
6.34 

"Change 
-9.08 

-469.35 
-43.80 
-86.55 
-1.97 

-610.58 
-955.05 

-4.61 
4.13E-1 
449.38 
44.93 
5.98 

4.53E-1 
5.42E-2 
8.92E-6 

8.27 
4.79E-6 
4.00E-1 

10.38 
1.14 
4.35 

3 * 365 d 
34.33 
757.80 
859.96 
228.44 
219.28 
2099.80 
16223.61 

39.31 
1.25 

1469.36 
122.13 
17.14 
1.62 

1.81E-1 
2.80E-5 
29.32 

1.17E-5 
9.76E-1 

32.62 
2.76 
11.63 

"Change 
-5.49 

-318.65 
-63.62 
-54.75 
-6.32 

-448.84 
-882.22 
-3.24 

3.75E-1 
237.01 
46.17 
9.38 
1.02 

1.07E-1 
6.19E-6 

3.40 
4.04E-6 
3.38E-1 

7.21 
5.78E-1 

5.29 

Pu incinerated : 597 kg/GW(e)a, U233 accumulated in irradiated fuel: 451 kg/GW(e)a 

total production of U233 in 3 years: 2.8t, U233 contained in irradiated fuel: 1.5t 
reduction of U233 by in situ fission: 1.2t, reduction of U233 by transmutation into U23*: O.lt 

C.1.7. Yields and radiotoxicity pf spallation products and validation of spallation computer 
codes . - ENEA Casaccia, Italy 

Calculational tools: LAHET, HETC and NMTC/JAERI codes. 

Table V. Comparison between experimental and 
calculated neutron yields. EB = 960 MeV. 
LAHET/MCNP calculations 

Material 

Uranium 
Lead 
Lead 
Tin 
Beryllium 

Target size 
(cm) 
10X60 
20X60 
10X60 
10X60 
10X10X91 

Experimental 
Data 
40.5 
20.5 
17.2 
12.5 
2.7 

Calculado 
η Results 
39.5 
21.5 
18.3 
12.2 
1.79 

Simulation of COSMOTRON 
Experiments. 

The COSMOTRON 
experiments have been 
simulated for the validation of 
the code systems 
LAHET/MCNP and NMTC-
JAERI/MCNP. 
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Preliminary LAHET/MCNP calculation results, corresponding to a proton beam having 
energy of 960 MeV, see Table V, show an excellent agreement with the experimental data 
except for Be. 

C.1.8. Objective for ADS transmutation based on HLW repository -AEA Techn., United 
Kingdom 

A survey of the literature on both the objectives of partition and transmutation and on the 
risk assessment of repositories for spent fuel and HLW has been started. The risk assessments 
are being used to identify which radionuclides it would be important to transmute from a 
safety point of view. The aim is to provide a provisional list of which radionuclides need to be 
transmuted. 

C.2. Assessment of the accelerator technology - AEA Techn., UK. 

Work in the first six months on this task has been restricted to planning and starting to 
survey the recent literature on accelerator technology for relevant data. The aims for the next 
reporting period are to continue the literature survey and then to start developing conceptual 
designs for prototype and commercial circular accelerators which will in future periods be 
assessed and costed. A decision will be made on what circular accelerator types will be 
assessed. 

C.3. Basic nuclear and material data 

This workpackage comprises some cross-section measurements and cross-section data 
formatting and processing and the validation of nuclear reaction model codes. First 
experiments on 232Th fission yields 233U fast fission yields have been performed at OSIRIS 
mass-separator facility in Sweden. The basic nuclear parameters and nuclear model 
calculations for neutron and proton transport data for intermediate energy range from 20 to 
150 MeV. It has been agreed that the optimal way of performing ADS calculation in the 
future will be the creation of the intermediate energy range cross-section library for neutrons 
and protons and extending the existing reactor cross section libraries to energy up to 150 
MeV. For the first sample case , 56Fe data file has been extended up to 150 MeV and soon 
will be available for the community. 

C.3.1 Evaluated Nuclear Data File (ENDF) for protons on Lead - ECN, Netherlands 

The work proceeds in two parallel directions with focus iron and lead isotopes. In first 
instance neutron induced reactions are considered only since these have a direct application in 
applied (MCNP) calculations [12]. 

Assembling basic nuclear parameters and nuclear model calculations 

• A new proton and neutron optical model between 0 and 200 MeV is under construction, 
using the interactive optical model visualisation program ECISVIEW. 
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• Initial nuclear model calculations have been performed with GNASH for neutron energies 
between 20 and 150 MeV with the Ignatyuk parametrization. The results have not yet 
been benchmarked against experimental data. 

ENDF-6 data Format and processing 

The data file for Fe-56, extension of the EFF-3.0 fusion file up to 150 MeV, has been 
accomplished. This library can be soon be used by the community. 

C.3.2. Validation and measurements of some X-sections above 20 MeV and measurements 
of the fission yields for233 U thermal fission and232 Th f ast fission - UU, Sweden 

Fission yields 

Th fission yields 

The data set obtained early in 1996 is still being analyzed. These data are somewhat 
limited due to the rather low fission cross section of 232Th . It is expected to obtain yield 
values only for the products on the peaks of the yield distribution. 

U fast fission yields 

Calculations and experiments performed early in 1996 showed that a filter of boron carbide 
would fulfil the requirements that more than 70% of the fission events are induced by fast 
neutrons. The experimental study is presently planned for the early part of 1997. The neutron 
filter is under construction. A special data-taking system is also under construction, to permit 
the use of a multi-detector counting system. This will improve the quality of the data 
obtained. 

The validation of nuclear reaction model codes for some cross section data above 20 
MeV 

Several neutron induced cross section measurements are in progress or planned at the 
intermediate energy neutron facility at the The Svedberg Laboratory in Uppsala, Sweden. In a 
report recently accepted for publication in Nucl. Phys. A [13], the experimental data for the 
20 Pb(n,p) reaction are published and compared with theoretical calculations based on the 
quantum-mechanical statistical direct reaction multistep model according to Tamura, 
Udagawa and Lenske (TUL) [14,15]. 

C.3.3. ENDF for selected isotopes and projectiles up to 200 MeV - ENEA, Bologna, Italy 

This workpackage is scheduled to begin later. 

C.3.4. Radiation damages at the spallation target enclosure walls -ENEA, Casaccia, Italy 

Acquisition of the MCNP cross sections for Hastelloy-N to calculate the atomic 
displacements" is completed, Fusion Evaluated Nuclear Data Library was chosen to perform 
the evaluations of radiation damage at the spallation target enclosure walls. 
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C.4. WORKPACKAGE D : STUDIES OF THE FUEL CYCLE FOR ADS 

Studies in this workpackage have been concentrated on different fuel cycles for ADS: 

• U­Pu fuel cycle for LWR­waste transmutation and Pu­burning 

• Th­based fuel cycle and its radiotoxicity 

• Mixed U­Pu­Th fuel cycle 

Preliminary analysis were done on the impact of neutron spectrum on transmutation rates 

and radiotoxicity of residuals. 

C.4.1. Studies of ADS for LWR-waste transmutation and Pu incineration - KTH, Sweden 

Calculations of the transmutation rates at BoL have been performed for different neutron 

spectra. Inventory of the necessary nuclear data, which are missing in the standard libraries, 

has been accomplished. Fig. 5 presents a typical calculation of the effective microscopic 

cross­section for transmutation (capture+fission) as a function of average neutron energy in 

the system (indication of the type of neutron spectrum). It is clear that some of the isotopes 

can be transmuted most effectively in the thermal neutron spectrum, other in intermediate 

spectrum. 
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Fig. 5. Effective transmutation cross­sections for 2 different group of Actindes as a function of 

the neutron spectrum in the system (indicated by the average neutron energy in the system). 

C.4.2. Accelerator breeding based on Th-cycle and liquid lead coolant/carrier 

Germany 
KFA, 

Investigations have been started, but have not yet been come to a final result. It can be 

stated already, that loadings of TRU­dioxides between 0.5 to 2 w/o­% homogeniously 

distributed as a suspension in liquid lead are sufficient to establish a criticality level of about 

0.95. This is strongly dependant on the moderator, which is selected as graphite graphite, and 

the pitch. Besides the TRU­loading, the variation of the pitch seems to be an effective means 

for controlling the criticality. 
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C.4.3. Strategy for the ADS fuel cycles, radiotoxicity consideration of these cycles - ITU, 
EC 

X 

cr 
m 

u 
< 

Calculational protocol for multiple irradiation and recycling using ORIGEN2 has been 
established. Cross section data used were for a fast lead cooled system [16]. 

Waste resulting from 10th cycle spent fuel (1 cycle is 5 years irradiation plus 1 year 
cooling time) from a fast Thorium fuelled ADS has been characterised. Actinide reprocessing 
losses were taken to be 1% of the core inventory at the end of each cycle. Ingestion 
radiotoxicity of this waste has been calculated for cooling times up to 106 years after 
discharge. In addition to the evolution of total toxicity, the results are also grouped by 
chemical element. 

From the waste 
activities at discharge 
and the effective dose 
coefficients, the 
radiotoxicity was 
calculated. The results 
are summarised in Fig. 
6 which shows the 
time evolution of the 
waste activity and 
ingestion radiotoxicity 
for a period of 106 y 
after discharge. For 
reference purposes, the 
activity and toxicity of 
113 kg of pure Th232 

are shown. This is the 
amount of fresh 
material which must 
be added at each cycle 

to make up for losses after the 5 year irradiation period. It should also be noted the total mass 
of actinides is approximately 9 kg /ΜΤΓΗΜ. 

It can be seen from Fig.6, that the total activity and total ingestion radiotoxicity can be 
related by an "average dose coefficient". 

For the first thousand years, the radiotoxicity is dominated by uranium (mostly U232 (half-
life=70y)) and plutonium (mostly Pu238 (half-life=88y)). Thereafter, Thorium dominates 
(mostly Th229) with contributions from Pb (Pb210), Po (Po210), and Ra (Ra226) becoming more 
important. 

C.4.4. Evaluation of ADS burning capabilities fuel inventory and radiotoxicity flow for 

minor actinide and for Plutonium burning - ENEA, Casaccia, Italy 

Evaluation of burning capability of a liquid fuel Pu burner 
A Monte Carlo calculation model has been developed to determine the criticaüty safety 

conditions and the burning capability of Pu and its associated MAs. The target was analyzed 
using NMTC-JAERI Monte Carlo code. 

Time(years) 

Fig. 6. Time evolution of the waste activity and ingestion 
radiotoxicity from 10th cycle spent fuel from a fast ADS. Losses 
to waste are assumed 1% of core inventory. After 5 years 
irradiation, approx. 100 kg 2yi Th must be added to replenish 
material losses through energy production. 
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Both the neutron multiplication factor calculations and the flux and power ones, have 
been performed with MCNP Monte Carlo code. Pu burning calculations have been obtained 
with ORIGENS, using the Molten Salt Breeder Reactor (MSBR) Library. Liquid fuel has 
been considered and continuous reprocessing and fission product removal has been 
envisaged. A Pu burner, with a core loaded with Th to compensate reactivity due to the even 
Pu isotopes, can operate at a low proton current using perhaps a cyclotron, incinerating 70% 
of the charged Pu; its burning capability would be the production of about 1.5 PWR. 

The influence of the even plutonium isotopes on the plutonium burning capability. 
In the case of reactor-grade Pu-fulled core, after 11 irradiation days the percentage of even 

Pu isotopes (neutron poisons) is practically equal to the one of fissile isotopes, while at the 
beginning of irradiation this percentage was about 31.6. The increase in the even Pu isotope 
concentration explains the need for continuous enhancement of the proton current in order to 
keep the thermal power constant. 

Poisoned plutonium burners 
99 Pu-fuelled core with Te as a poison, that would be removed to compensate for the 

reactivity drop due to the even Pu isotopes, can operate at a low proton current using perhaps 
a cyclotron; but this system could burn only 27% of the charged Pu. A better system using Er 

99 
instead of Tc would burn 62% of the charged Pu; while the best solution based on the 

232 99 
poisoning philosophy would use Th instead of Tc and burn 70% of the initial Pu load. 
The burning capability of these three burners would be the production of about 1.5 PWRs. 
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A.2.2­1 New partitioning techniques (NEWPART) 

Contract No: FI4I­CT96­0010 Duration: 1 May. 1996 ­ 30 Apr. 1999 

Coordinator: C. Madie, CEA­Valrhô/FR 

Tel. +33/466.79.69.79 Fax: +33/466.79.69.80 

e­mail: madic@arnandin.cea.fr 

Partners: Univ. Reading/GB, Univ. Chalmers Goteborg/SE, JRC­ITU Karlsruhe/EC, 

ENEA Saluggia/ΓΓ, FZK Karlsruhe/DE, KFA Jiilich/DE, Univ. 

"Politecnico" Milano/ΓΓ 

A. OBJECTIVES AND SCOPE 

The main objectives of the project are to develop processes for the separation of minor 

actinides: 

1. without the generation of secondary solid wastes. 

2. mimmising the majority of the drawbacks encountered in the previous processes, such as 

the precipitation of radionuclides, difficulties in the stripping of the actinides from the 

solvent, etc. 

The following principles for the design of the processes are: 

1. to develop molecules (extradants, diluents, aqueous reagents) that, when they are at the 

end of their use in the processes, can be converted into gases which can be released into 

the atmosphere (CHON principle). 

2. no reduction of the acidity of the HLLW to be processed. 

Accordingly, the separation strategy includes two routes and broad sets of measurable 

objectives: 

1. the first route includes several extraction cycles, the first to extract the actinides and the 

lanthanides from HLLW, and the second cycle to separate the An from the Ln. Some 

effort will be devoted to the Am/Cm separation according to the time available. 

2. the second route corresponds to a single cycle process for which the fundamental criteria 

using molecular design, synthesis and evaluation for the simultaneous selective 

extraction of An (ΠΙ) from Ln (ΠΓ) in HN03 aqueous solutions (<2M) must be 

established. 

B. WORK PROGRAMME 

B.l Cooextraction of actinides and lanthanides 

B.l . l Basic studies on diamides (CEA Valrhô, Univ. Reading, Univ. Chalmers Goteborg) 

This task involves the study of extraction thermodynamics, mechanisms and kinetics. 

Structural determinations of metal nitrate solvates of diamide extradants and molecular 

mc>delling are performed. The diamide formula will be optimised and new molecules will be 

synthesized. 

B.l.2 Development of the DIAMEX process (CEA Valrhô, Univ. Chalmers Goteborg, 

JRC­ITU Karlsruhe, ENEA Roma, KFA Jülich, Univ. "Politecnico" Milano) 

The reference DIAMEX process using the dimethyldibutyltetradecylmalonamide 

(DMDBTDMA) extractant is being developed. Data banks conœrning the distribution 

coefficients of the metallic species present in the reference HLLW and the loading capacities of 

the solvent versus solutes of interest will be completed. The stability of the solvent during α, β, 

γ irradiation will be studied and the hydrolytic and radiolytic degradation compounds of the 

solvent will be identified. Counter­current integrated tests (mixer­setters or/and centrifugal 

contactors) will be performed. Different DIAMEX processes will also be investigated. In 

addition, computer modelling of the DIAMEX processes will be carried out. 
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B.2 Separation of actinides (ΠΓ) from lanthanides (TH) 

B.2.1 Basic studies of heterocyclic nitrogen compounds (CEA Valrhô, Univ. Reading, 

Univ. Chalmers Göteborg, FZK Karlsruhe) 

B.2.1.1 Hydrophobic tripyridyltriazine (TPTZ derivatives) 

Extraction thermodynamics, mechanisms and kinetics will be studied with various 

molecules. The structures of metal salt solvates of hydrophobic TPTZ derivatives will be 

measured and modelled. The TPTZ derivative formula will be optimised and new molecules 

will be synthesized. 

B.2.1.2 New heterocyclic N donor atom extractants, e.g. oligomeric pyridines 

The new extractant molecules will be designed with molecular modelling, synthesized 

and characterised and their properties will be studied. 

B.2.2 CYANEX 301 (KFA, Jülich) 

The use of CYANEX 301, a sulphur bearing acidic extractant, for the Αη(ΠΣ)/ΐΜ(ΤΠ) 
separations will be studied. 

B.2.3 Process development (CEA Valrhô, JRC­ITU Karlsruhe, ENEA Roma, KFA 

Jülich, Univ. "Politecnico" Milano) 

A process based on the txitertiarybutylpyridyltriazine will be developed. This involves 

the definition of the solvent composition and the determination of distribution coefficients for 

An (ΠΓ), Ln (ΠΓ) and other metal ions. The loading capacities of the solvent for the major 

solutes of interest, its hydraulic behaviour in the extraction devices and its 

degradation/regeneration properties will be investigated. Counter­current integrated tests 

(mixer­settlers or/and centrifugal extractors) will be performed. Finally, the An (ITJ)/Ln (ΠΓ) 

separation processes will be modelled. 

C. PROGRESS OF WORK AND RESULTS ΟΒΤΑΓΝΕΡ 

. Summary of the main issues 

Numerous results were obtained during the first semester of the research. They can be 

summarised as follows. 

1. Coextraction of Αη(ΤΠ) and LndTp. 

To achieve this goal without modifying the acidity of the high active effluent to be processed, 

diamide extractants were selected (DIAMEX process). Basic research and process development 

were the subjects of several studies carried out by partners 1, 2, 3, 4 and 5. 

The main achievements obtained in the basic studies are the following : (i) synthesis of several 

new diamides, (ii) distribution studies of actinides (ΓΠ), and lanthanides (ΓΠ) nitrates, including the 

evidence of a synergistic phenomenon with mixture of diamide+carboxylic acid, (iii) crystal 

structure determination of some Ln(TH) nitrates solvated by diamide molecules, (iv) initial 

experiments carried out at the synchrotron LURE facility at Orsay for SAX studies of diamide 

solvates, (v) molecular modelling of diamide extractants, (vi) proposition of a new optimised 

diamide : the dimethyldioctylethoxyhexylmalondiamide (DMDOEHMDA) with improved 

properties compared to that of the reference diamide (DMDBTDMA). 

DIAMEX process development. This development is based on the use of DMDBTDMA (i) 

Scrubbings sections for the process flowsheet, in order to prevent the coextraction of Zr(IV) and 

Mo(VT) fission products with the An+Ln(in) mixture, were studied. Two scrubs were tested in 

cold counter­current tests, one based on the use of oxalic acid and the second involving a double 

scrub using hydrogen peroxide and ketomalonic acid, successively. Both systems can be proposed 

for the design of a DIAMEX flowsheet but the use of only one scrub (oxalic acid) is recommended, 

(ii) A first version of a computer code of the DIAMEX process was established. 
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2. Separation of Αη(ΓΠ) and LnflTT). 

Basic studies carried out in this field by partners 1, 2, 3, 6 and 7 can be summarised as follows : 

(i) terpyridine (teipy) was found effective in synergistic combination with carboxylic acid(s) to 

selectively extract An(Tfi) over LnÇDT), (ii) lipophilic polypyridine (terpy, quinquepy) were 

synthesised successfully. Instead of improved extracting properties, it was found that alkylated 

terpy are less efficient than terpy itself. This point must be understood in the future, and we need to 

consider especially the electronic density on the pyridinic nitrogen which certainly must be kept 

low, (iii) other N donor extractants were studied by partner 6. Bidendate ligands, like 2­substituted 

benzimidazoles, and also tridendate ligands, were studied for the selective extraction of Αη(ΠΓ) 

over Ln(Tfi). Interesting separation factors between An(JTI) vs Ln(IJJ) were often obtained, (iv) 

important results were obtained by partner 7 demonstrating the effectiveness of purified CYANEX 

301, a dithiophosphinic acid, for the Αη(ΓΠ)/Τη(ΠΙ) separation. The results obtained confirm the 

necessity to purify the CYANEX 301 by the Chinese method (precipitation of the ammonium salt 

of CYANEX 301) and that the American purification method is inefficient. Tremendously high 

Αη(ΤΠ)/Ί.η(ΠΓ) separation factors were obtained (higher than 10J) confirming the data published in 
1995 by Y. ZHU et al. from Beijing (China). 

C.l Coextraction of actinides and lanthanides 

C.l.l Basic studies on diamides 

Task Al and Task A2. Several new diamide molecules were synthesised and their extracting 
properties studied. Particularly, dimethyldicyclohexanotetradecylmalonamide (DMDCHTDMA) 
and dimethyldiphenyltetradecylmalonamide (DMDPHTDMA) prepared at Reading were studied at 
Goteborg. The extraction behavior of nitric acid and of some lanthanides (ΓΠ) and actinides (ΠΓ) 
nitrates by these malonamides were studied according to the concentration of nitric acid or lithium 
nitrate in the aqueous phase. Whereas the affinity of the two diamides for nitric acid were similar, 
definite differences were observed between these two extractants regarding the metallic nitrates. 
The diphenyl malonamide (DMDPHTDMA) exhibits higher affinities than that of the 
DMDCHTDMA The question of the dual extraction mechanisms, solvate formation for low 
aqueous nitric acid concentration and lithium nitrate (every concentration) and ion-pair formation 
for high aqueous nitric acid concentration suggested in the past by L. NIGOND (CEA) is still open 
and must be addressed in the future. 

Task A4. To have a better description of the extracting properties of malonamides, structural 
determinations using X-ray diffraction or X-ray spectroscopic methods were undertaken either on 
single crystals or on liquids. For example, the structure of crystals made by Nd(Tff) and Yb(ITf) 
nitrates with DMDCHTDMA or DMDPHTDMA were determined. The stoichiometrics of the 
compounds prepared are as follows : M(N03)3L (L - DMDPHTDMA) and M(N03)3L2 (L= 
DMDCHTDMA). Both extractants can certainly generate 1/1 and 1/2 complexes in organic 
solutions but only the 1/1 complex precipitates in the case of DMDCHTDMA. Attempts to prepare 
suitable crystals of the possible Ln(ni)/malonamide ion-pairs have been unsuccessful up to now. 
Efforts will be done in the future to succeed in this topic. To determine the coordination polyhedra 
of metal ions extracted in organic phases, it was decided to use X-ray absorption (XAS) 
spectrometries (EXAFS and XANES). Such techniques can be operated at synchrotron facilities 
like LURE Orsay, France), ESRF (Grenoble, France) or Daresbury (UK), etc... Experiments in 
that field were undertaken at the CEA. To test the method, a known system was selected. It consits 
in the study of the solvates formed when uranyl nitrate is extracted with neutral organo-phosphorus 
compounds, like the tri-n-butylphosphate (TBP), the extractant used to implement the PUREX 
process (nuclear fuel reprocessing). For this system, it was demonstrated that the coordination 
polyhedron of U(VT) in the organic liquid phase resembles that of U(VI) in the crystal of a related 
compound U02(N03)2(TiBP)2. It was thus demonstrated that SAX methods are useful to study 
solvent extraction systems. Co-operative work between partners 1 and 2 is continuing in that field. 
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Several experiments have been proposed to be undertaken at LURE and Daresbury to study 

malonamide/lanthanide nitrate solvates. 

Task A5. Molecular modelling was undertaken in order to try to understand the differences in 

extraction affinities for metal ions of the two diamides mentioned above : DMDCHTDMA and 

DMDPTDMA The lowest energy conformations of the two molecules were found to be different, 

in agreement with their crystal structures. This data is mirrored with the extraction affinities of the 

two diamides for Αη(ΠΓ) and Ln(ni) ions. 

Task A6. Malonamide formula optimisation was the subject of intense research at the CEA 

Several criteria were selected for this selection, such as the affinity of the diamides for AnfTH) and 

Ln(TJJ) metal ions, the loading capacities of the solvent without third phase formation, the 

extractant degradation and regeneration, etc... To optimise all the required properties, one can 

adjust the nature of the groups attached to the amide functions : one can select the length of alkyl 

groups and/or introduce either function in these groups. Note that one group branched to each 

nitrogen must be a methyl group. The main conclusions ofthat study are the following : (i) the total 

number of carbons of the groups must be higher or equal to 26, (ii) the second alkyl group 

branched on each nitrogen must be alkyl, while the group branched on the central carbon bridge 

must be : CAOCnHîn+i, (iii) sharing the carbons between the central group and the two groups 

branched on nitrogens is recommended. Consequently, the new diamide : 

dimethyldioctylethoxyhexylmalonamide (DMDOEHMA) is the optimised molecule which will be 

synthesised and studied in the near future. 

Task A7. As mentioned above, several new diamides were synthesised at Reading and in France 

(byPANCHTM). 

C.1.2 Development of the DIAMEX process. 

Task Bl. Active tests carried out at CEA Fontenay­aux­Roses in 1993 have demonstrated the 

necessity to define efficient scrubbing sections in the DIAMEX flowsheet based on the use of 

DMDBTDMA to prevent the extraction of two important fission products : the zirconium (Zr(TV)) 

and the molybdenum (Mo(VT)). Two scrubbing sections were designed and tested successfully 

during counter­current tests carried out in mixer­settler batteries. The first scrub tested was based 

on the use of oxalic acid to selectively complex both Zr(TV) and Mo(VI) ions, while the second 

scrub (dual) uses two different complexing agents : hydrogen peroxide for Mo(VT) removal and 

ketomalonic acid for ZrfTV) complexation. Both scrubbing systems operate efficiently. Thus, it is 

recommended to use the simplest scrub based on the use of oxalic acid for the definition of the 

reference DIAMEX flowsheet. Active contacts between partners 1, 4 and 5 were established in 

order for partners 4 and 5 to be able to test the DIAMEX process in a near future. 

Task B4. A first version of the DIAMEX process was defined by partner 1 and tested using the 

data collected during the active trials of the process (1993) and those obtained during the cold tests 

carried out for the definition of the Zr(TV) and Mo(VI) scrubbing sections. Good agreements 

between calculated and experimental concentration profiles were obtained for the following 

species : ° nitric acid, ° Ln(rfi) nitrates, ° Zr(IV) and ° Mo(VI). One problem is still pending : the 

behaviour of Fe(Tfi) (a corrosion product) is not well calculated by the model. This difference 

between calculated and experimental data is surely due to the slow kinetics of extraction of this 

species by the solvent. This point must be addressed in the future. 
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C.2 Separation of actinides (ΤΠ) from lanthanides (DT) 

C.2.1 Basic studies of heterocyclic nitrogen compounds 

Task C2. New heterocyclic N donor atom extractants were studied. These extractants include 

oligopyridines, like terpyridines and quinquepyridines, studied by partners 1, 2 and 3, and other 

molecules, like 2­substituted berizimidazoles and 2,6­Bis(4,5­dihydro­(4S)­isopropyloxazol­2­

yl)pyridine, studied by partner 6. The main results obtained can be summarised as follows. 

(i) Terpyridine (terpy) is a suitable ligand, able, in synergistic combination with carboxylic 

acids, to selectively extract the trivalent actinides over the trivalent lanthanides with a good 

separation factor (SAITÆU close to 10). This data is similar to that corresponding to the 

tripyridyltriazine (TPTZ) which is the reference compound in this field. Nevertheless, to obtain 

similar distribution coefficients for Μ(ΠΓ) ions with terpy for a particular aqueous acidity it is 

necessary to use a more concentrated solution than in the case of the TPTZ (0.1 mol/L instead of 

0.02 mol/L). Nevertheless, it was thus concluded that terpy is a suitable « platform » for the design 

of good extractants if more lipophilic molecules can be synthesised by branching lipophilic groups 

on the pyridinic rings of the terpy. Two alkylated terpy derivatives were made by partner 1 by 

branching octyl or dodecyl groups in position 4 on the central pyridinic ring. The solubilities in 

water of these compounds decreased drastically in comparison with the corresponding terpy data. 

Meanwhile, solubilities of these new terpy compounds in aliphatic dilutents increase a lot in 

comparison with terpy. Consequentiy, better affinities for Μ(ΓΠ) ions for these new terpy in 

comparison with terpy were expected. The data obtained so far exhibit exactly the reverse trend : if 

SAHVEU are similar (or slightly lower), the distribution coefficients of the trivalent metal ions are 

shifted to lower values. One possible explanation for this unfortunate result is that the branching of 

the alkyl group on the pyridinic ring enhances the basicity of the nitrogen. Molecular modelling will 

be used in the future to check this hypothesis. 

(ii) Two new quinquepyridines have been synthesised at Reading with lipophilic groups 

branched in position 4 on the pyridinic rings 2 and 4. One of these new compounds has been 

characterised by X­ray cristallography. Samples of these ligands will be transfered to partners 1 and 

3 for the determination of their extracting properties. 

(iii) 2­substituted benzimidazoles. These ligands were studied by partner 6 for the selective 

extraction of Αη(ΠΙ) over Ln(Tfi) when the metal ions are extracted as MAdLn, where A" is an anion 

(Γ, SCN, CIO4", N03", thenoate) and L the 2­substituted benzimidazole. Important SATTÆU (50 to 70) 

were observed under certain conditions, for example using 6­methyl­2(2­pyridyl)benzimidazole in 

the dilutents chlorobenzene and xylene/4­methyl­2­pentanone, with an aqueous phase consisting of 

1.0 mol/L NH4SCN in 0.04 mol/L formate buffer. It was demonstated that the higher the number of 

ligand L included within the metallic solvates, the higher the SATTÆU is. Nevertheless, the good 

results obtained for pH values may be too high for practical uses. 

C.2.2 Basic study with CYANEX 301 

CYANEX 301 is a commercial extracting agent which contains about 75­80% of bis(2,4,4­

trimethylpentyl)dithiophosphinic acid. Even if this compound does not fulfill the CHON principle, 

its istudy is considered important because Chinese and American scientists published papers in 1995 

demontrating that, under certain conditions, highly efficient Αη(ΠΊ)ίη(ΠΓ) separations can be 
obtained using this extractant. 
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The crude extractant is unable to perform the An(III)Ln(in) separation unless it is saponified, 
i.e. neutralised with sodium hydroxide. Efficient separations were observed at KFA with unpurified 
CYANEX 301 for high Ln(Tfi) concentrations, but not for low Ln(Tfi) concentrations. Purification 
of CYANEX 301 was performed using the Chinese (Y. ZHU) and American (G. JÄRVINEN) 
methods. The purities of the purified compounds were checked by j lP NMR. Both methods 
produced pure bis(2,4,4-trimethylpentyl)dithiophosphinic acid but the yield corresponding to the 
American method was rather poor (5%) in comparison with that corresponding to the Chinese 
method (40%). 

Purified CYANEX 301 (both methods) were studied for its ability to separate An(Tfi) over 
Ln(nj). Very high Am/Eu separation factors (higher than 10" ) were obtained for micro or macro 
concentrations of Eu(TJT). This corresponds to the first confirmation of the Chinese results 
published in 1995. A problem was identified in regards to the instability of the purified CYANEX 
301, generating impurities with detrimental properties for An(IH)Ln(ni) separations. This point 
needs to be solved in the future. 

It can be forecast that the use of CYANEX 301 will be good for efficient An(III)Ln(in) 
separations from real active effluents. 

C.2.3 Process development 

Task Dl. An AniTfl)Ln(nr) separation process based on the use of tri-
tertiobutyltripyridyltriazine (T/BTPTZ) will be developed. This requires the synthesis of kg amount 
of TzBTPTZ. Preliminary contacts with an industrial synthesis company were made for the 
preparation of this extractant. 
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A.2.3-1 Joint EJFTTRA experiment on Am transmutation 

Contract No: FI4I-CT95-0007 Duration: 1 Feb. 1996 - 31 May 1999 
Coordinator: H. Gruppelaar, ECN Petten/NL 

Tel. +31/22456/4083 Fax: +31/22456/3490 
e-mail: gruppelaar@ecn.nl 

Partners: JRC-IAM Petten/EC, JRC-ITU Karlsruhe/EC, FZK Karlsruhe/DE, CEA-
Cadarache/ER, EDF Paris/FR 

A. OBJECTIVES AND SCOPE 

The objective of the project is to study the transmutation of Am-241 embedded in an inert 
matrix by preparing, performing and analysing an irradiation experiment in the High Flux Reactor 
(HFR) at Petten. It serves as a European pilot project to demonstrate the feasibility of Am 
transmutation and includes the fabrication of a target pin, the execution of irradiation and post-
irradiation experiments and the analysis of the results. 

The work will be performed jointly by the existing EFTTRA group of laboratories and 
institutes. EFTTRA is an acronym for "Experimental Feasibility of Targets for Transmutation". 

B. WORK PROGRAMME 

In order to meet the objectives described above the work is divided into 8 work packages, 
according to the following scheme: 

B.l Co-ordination (ECN) 
B.2 Design and safety report bv the irradiation in HFR (ECN, JRC-ITU, JRC-IAM) 
B.3 Target preparation and transport (JRC-ITU, FZK) 
B.4 Irradiation facility preparation (JRC-IAM) 
B.5 Irradiation in HFR during one-and-half year (JRC-IAM, ECN) 
B.6 Non-destructive analysis (ECN) 
B.7 Transport and post-irradiation experiments (JRC-TTU, FZK) 
B.8 Interpretation and final report (all participants) 
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C. Progress of work and results obtained 
Summary of main issues 

The irradiation of a target of 241Am in a host matrix of spinel has been started in the HFR, 
according to the planning. The preparation of the experiment has been completed successfully. 
A novel fabrication technique (infiltration) has been developed and has been used for the 
fabrication of the target. The target has been transported from Karlsruhe, where the fabrication 
was done, to Perten, where the irradiation takes place. For the irradiation, a sample holder, 
which can be placed in a standard irradiation rig, has been designed and fabricated. Nuclear 
analysis of the experiment has been performed. A design and safety report has been written 
and was approved by the safety authorities. 

Progress and results 

C.l Design and safety report 

Nuclear analysis of the experiment has been performed at ECN using the code WIMS-
97. The calculations were concentrated on nuclear constants, reactivity effects, relative 
and absolute fluence rates, fission power, burnup, gas production and activation of 
materials. The main conclusions are: 
• the maximum fission power is about 280 W cm-3, 
• the maximum reactivity effect is 267 pcm, 
• no strong radial variations in power density and bumup are expected, 
• the actinide contents of the sample will be reduced to about 60% of the 

original content after 400 full power days, wheras americium will be 
transmuted almost completely. 

On the basis of these results, a design and safety report, which is required for 
irradiation in the HFR, has been prepared by JRC-IAM [1]. This report was approved 
by the safety authorities. 

C.2. Target fabrication/transport 

The selected target composition is americium oxide ( A m ) embedded in a support 
matrix of spinel (MgAl204). The fabrication of the target and the assembly of the 
target capsule was performed at JRC-ITU. To this purpose a novel fabrication 
technique has been developed, called in INRAM-process (Infiltration of Radioactive 
Materials). 
The principle of this method is the infiltration by capillary forces of a porous host 
material with a solution containing the infiltrant, i.e. 241Am. For the present study, the 
host material was a green pellet of spinel (diameter 6.55 mm, height 8.5-9.2 mm, 
49% density) which was immersed in an americium nitrate solution (ca. 400 g/1). The 
green pellets were prepared from commercial product (Baikalox S33CR, Baikowski 
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Chemie) and were calcinated at 650 °C for 4 hours. After the impregnation, the pellets 

were thermally treated in a H2/Ar mixture, for 4 hours at 700 °C and for 6 hours at 

1600 °C. 

The resulting pellets had the following characteristics: 

Density 

Dimensions 

Am content 

Homogeneity 

96­97 % 

φ = 5.38 mm, height = 7.06 ± 0.1 mm 

11.1 ± 0.7 % 

good 

The stack of pellets was placed in tube of 15/15TÌ stainless steel, and were enclosed 

on either side by a spinel pellet of 5 mm length, a Hf02 pellet of 6 mm length and a 

stainless steel pellet of 17 mm length. The purpose of these pellets is to obtain a 

homogeneous flux profile and to separate the target material from the structural 

materials. The pellets are held in position by means of a spring in the plenum volume. 

The spring and the end plugs were also made of 15/15TÌ stainless steel. The capsule 

has been filled with pure helium at atmospheric pressure during welding. 

After the fabrication was completed, the sample was transported from Karlsruhe to 

Petten, as arranged by FZK. 

C.3 Irradiation facility preparation 

The irradiation facility was prepared jointly by JRC­IAM and ECN. The facility, an 

existing standard TRIO­131 irradiation rig, is suited for in­pile use in the High Flux 

Reactor at Petten. A sample holder was designed and fabricated that was placed in 

the rig. The sample holder consists of three sections: 

The lower section consists of a stainless steel containment containing the target 

capsule and the instrumentation (thermocouples, dosimeters and gamma scan 

wires). The target capsule is positioned in a central hole of an aluminium drum 

and the instrumentation is arranged around it. The drum with the target capsule 

is supported below by one and above by two aluminium drums. The stack of 

four drum (600 mm long) is positioned inside the containment. 

The middle section is formed by the shielding plug and a filter in the 

downstream tube of the first containment. 

The upper section consists of the penetration plug of the TRIO channel. 

Defined gas gaps are designed between the containment wall and between the drums 

and the first containment wall for the purpose of temperature control, either by means 

of helium or by means of helium/neon gas mixture technique. 

C.4 Irradiation in the HFR 

The irradiation facility was placed in core position C5 of the HFR at Petten. The 

irradiation started in HFR cycle 96.08 and during 1996 four irradiation cycles were 

completed. The cumulative irradiation time is 101.55 full power days. 

References 

[1] CONRAD R, Joint EFTTRA Experiment on Am Transmutation at the HFR Petten. 

Design and Safety Report. Tech. Mem. HFR/96/4327, JRC­IAM, Petten, 1996. 
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A.2.3-2 Neutron driven nuclear transmutation by adiabatic resonance crossing (TARO 

Contract No: FI4I-CT96-0009 Duration: 1 Sep. 1996 - 31 Aug. 1998 
Coordinator: Prof. C. Rubbia, CERN, Geneve/CH 

Tel. +41/22/767.22.82 Fax: +41/22/767.75.55 
e-mail: carlo-rubbia@eet.cern.eh 

Partners: Univ. Autonoma Madrid/ES, CNRS Grenoble/FR, Univ. Athens/GR, 
Univ.Thessaloniki/GR, SINCROTRONE Trieste/IT 

A. OBJECTIVES AND SCOPE 
The main objective of this project is to develop both theoretically and experimentally a new 

method, the adiabatic resonance crossing (ARC), which enables to enhance strongly the capture 
rate of neutrons by the radionuclides to be incinerated. The peak cross sections for neutron 
energies corresponding to the resonance region are much larger than for the other neutron energies. 
For instance, the cross section of Tc is 4000 bam at the peak of a resonance at 5eV, but it is 

only 20 bam at thermal energy. Access to the resonance region can be achieved by using a 
transparent medium like Lead where the neutrons lose their energy in very smaH decrements. An 
experimental test will be carried out on Tc with a neutron spallation source driven by the CERN 
proton synchrotron. 

B. WORK PROGRAMME 
B.l Lead assembly and beam line (CERN, Univ. Autonoma Madrid, Univ. Athens, Univ. 

Thessaloniki) 
B . l . l Setting-up of the Lead assembly 
B.1.2 Preparation and instrumentation of the beam line 
B.2 Experiments on ARC 
B.2.1 Timing experiments (CeF3 counters) (CNRS) 
B.2.2 Activation experiments (delayed g counting) (all partners) 
B.3 Study of advanced neutronics in Lead 
B.3.1 Electronic experiments (He3 ionization and scintillation counters, Li F counters, fission 

counters) (CERN, Univ. Autonoma Madrid, CNRS,Univ. Athens, Univ. 
Thessaloniki) 

B.3.2 Activation measurements (Ge g counters, track etched detectors, thermoluminescent 
counters) (CERN, Univ. Autonoma Madrid, CNRS, Univ. Athens, Univ. 
Thessaloniki) 

B.3.3 Temperature measurements (thermometers) (Univ. Autonoma Madrid) 
B.4 Developing appropriate formalism and computational tools for ARC (CERN, Univ. 

Athens, Univ. Thessaloniki) 
B.5 Conceptual design of an incinerating device based on ARC (CERN) 
B.6 Other applications of ARC (CERN,CNRS, Univ. Athens, Univ. Thessaloniki, 

Sincrotrone Trieste) 
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C. Progress of work and results obtained 
Summary of main issues 
The project is proceeding on schedule. The different components of the equipment are 

in place and the first tests shows them to work according to expectations. 
The experiment calls for high purity Lead devoid of such know impurities as Silver, 

Antimony and Cadmium. The 4N quality Lead offered by Britannia Refined Metals (UK) 
proved to be satisfactory after thorough chemical analyses were performed on samples sent to 
several independent laboratories world-wide. The Lead ingots had to be transformed into 
carefully machined blocks in order to construct the assembly with the required geometry. The 
machining process, which should avoid introducing impurities but also keep the price 
acceptable, was based on moulding followed by a machining pass to take away the surface 
crust. This was done by Calder Industrial Materials. The blocks (613 kg each) , have been 
assembled in the experimental hall at CERN. Since Lead is very soft, a special suction device 
has been built to handle the blocks without deformation and position them precisely. 

The proton beam line has been set-up by the PS staff and is capable as required to 
supply beam in two modes: 

-"slow extraction" with about 104 particles extracted over 350 ms every 14. 4 seconds. 
Secondary particles (pions, protons etc..) of a given momentum can be distinguished by Time 
-of Flight. 

- "fast extraction" with about 109 protons extracted in bunches of 30ns recurring every 
14.4 seconds. Of special concern is the accurate measurement of the intensity of the beam. A 
new type of beam transformer, developed for our purpose by industry has been shown to be 
adequate by an absolute calibration by bombarding Aluminium foils with protons and 
counting the 24Na produced. 

A CeF3 scintillator has been mounted, using a special quartz photomultiplier and 
working in the current integrating mode. The purpose is to record the prompt gammas 
associated with the neutron capture on selected elements. The first tests of the device readily 
show a time spectrum with a series of peaks which, through the time- energy relationship are 
at the position of the " T c neutron capture resonances. 

A pneumatic fast transport has been developed which allows the irradiation of Tc and 
the subsequent counting of gammas in the daughter 100Tc nucleus. A systematic mapping of 
the capture quantitative yields according to the position in the Lead assembly has been 
undertaken. 

To measure the neutron spectra over a wide energy range (including timing properties 
after a proton impact) a number of different devices have to be used. These include specially 
developed JHe ionization and scintillation counters, Si diodes (with Li and J JU targets), as 
well as more conventional flux measurements methods such as gamma activation of foils, 
track-etched detectors and thermo-luminescence. Finally an original high sensitivity (liquid 
Helium temperature) thermometric device to measure the residual heat deposited by neutrons 
in Lead has been built and tested. All these methods have now been used and the first results 
show that they work according to expectations. 

The planning of these experiments required the development of a Monte Carlo 
simulation (combining production of neutrons, transport and chemical evolution) which is also 
the cornerstone of the development of the Energy Amplifier. TARC is in fact the first direct 
validation of this new code. To reach the required statistical accuracy, the code had to be 
optimized and in addition is now running on a parallel (Convex SPP 1200) computer (6 
processors simultaneously) 

The combination of these measurements and of the simulation point to the possibility of 
incinerating e.g. 99Tc in some parts of the Energy Amplifier at a high rate and without any 
loss in power production. 
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REACTOR SAFETY 





Β. REACTOR SAFETY 

INTRODUCTION 

The main scope of research in the reactor safety is the understanding of severe accident phenomena 
and the measures to prevent possible radioactivity release under severe accident conditions. Also 
considered are measures to mitigate the consequences of a severe accident. 

The research should develop a consensus on how to treat phenomena in accident analyses, define 
mitigation and accident management measures, provide experimental results for code and their 
validation. 

The main research tasks of this area are: 

B.l In-vessel Core Degradation and Coolability 

Better understanding of core degradation phenomena, of interaction with the coolant of the 
behaviour of melt in contact with the primary circuit and its cooling potential. 

B.l.l Corium formation and behaviour: investigation of various phenomena with a special 
view to accident management measures. 
B.1.2 Molten corium coolant interactions: understanding of basic phenomena, experimental 
and theoretical investigations on accident scenarios, taking into account scaling effects, 
extrapolation from simulant to real material. 
B.1.3 In-Vessel Corium coolability: heat transfer mechanisms from either the debris bed or the 
pool to its environment (atmosphere, RPV wall) by radiation and natural convection, cooling 
potential of the RPV from the outside. 
B.1.4 RPV behaviour: thermalhydraulics of the melt, behaviour under thermal and mechanical 
load. 

B.2 Ex-Vessel Corium Behaviour and Coolability 

Better understanding of basic phenomena of melt release from the RPV, corium spreading, 
interactions with coolant and structures to investigate generic aspects of corium cooling. 

B.2.1 Thermochemical modelling and data: improved modelling of thermochemistry of 
interactions with structures, fission product retention, improvement of database of various chemical 
data. 
B.2.2 Corium release and spreading: investigation of the effect of different RPV failure and 
corium release modes, potential for direct containment heating. 
B.2.3 Corium retention and cooling: experimental and theoretical investigations to describe 
corium behaviour on the core retention device, investigation of corium interactions with coolant and 
structures. Generic studies on retention devices (core catchers). 
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B.3 Source Term 

Release and behaviour of the fission product from the fuel into the containment. Integral tests 
(Phébus) to validate source term computer codes. New model and code developments for specific 
phenomena. 

B.3.1 In-vessel fission product behaviour: separate effects tests for modelling the fission 
products release from the fueL their transport, resuspension, revaporisation, taking into account 
effects from circuit chemistry are complement to the Phébus experiments. 
B.3.2 Ex-vessel fission product behaviour: modelling of fission product transport including 
resuspension and revaporisation, influence of sprays and other mitigation measures, multicomponent 
aerosol behaviour, iodine chemistry based on separate and integral tests (in particular Phébus). 
B.3.3 Benchmark calculations: validation of new code against experimental results. 

B.4 Containment Performance and Energetic Containment Threats 

Better understanding of phenomena having the potential to threaten the containment integrity. 
Assessment of new (passive and inherent) conceptual features with regard to their feasibility. 
Prevention and assessment of containment leakages. 

B.4.1 Hydrogen distribution and combustion: experimental and theoretical investigations on 
hydrogen combustion modelling and evaluation of various mitigation measures. 
B.4.2 Containment thermalhydraulics and cooling: experimental and theoretical 
investigations on thermalhydraulics codes, with regard to hydrogen distribution and natural 
convection for decay heat removal. Generic studies on passive decay heat extraction. 
B.4.3 Material data and structural response: provision of dynamic concrete behaviour data 
(strain rate effect) at high impact velocity (shock waves, missiles). Structural response with respect 
to the identification of load conditions and material data. 
B.4.4 Containment Leakage: Leakage flows through cracks and penetrations and prevention 
measures. 

B.5 Supporting Activities 

Activities are mainly intended to exchange information, to coordinate projects executed in the 
member states and at the JRC and to develop a common approach. 

B.5.1 Accident management measures 
B.5.2 Ageing: because of the increasing life time of nuclear power plants ageing phenomena are 
getting more importance, e.g. irradiation embrittlement, changes in mechanical properties. 

The following "CLUSTERS" have been set up to assure the best coordination in each sub-area: 
• B.l- In-vessel core degradation and coolability - INV; 
• B.2- Ex-vessel corium behaviour and coolability - EXV; 
• B.3- Radiological source term - ST; 
• B.4- Containment performance and energetic containment threats - CONT; 
• B.5- Accident management measures - AMM; 
• B.5- Ageing of structural components - AGE. 
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B.l.1-1 Experimental and computational modelling of corium formation and behaviour 
during a severe accident in a light water reactor - investigation of core 
degradation - COBE 

Contract No.: FI4S-CT95-0013 Duration : 1 Feb. 1996 - 31 Jan. 1999 
Coordinator : I. Shepherd, JRC-ISIS Ispra/EC 

Tel.:+39-332-789489 - Fax.:+39-332-785815 
E-mail: iain.shepherd@jrc.it 

Partners : FZK Karlsruhe/DE, AEA Winfrith/GB, CEA-IPSN Cadarache/FR, 
ENEA Roma/Tl, Univ. IKE Stuttgart/DE, Univ. Ruhr Bochum/DE, 
Univ. Provence Marseille/FR, Univ. Politécnica Madrid/ES, Univ. 
Pisa/Tl, Univ. Dresden/DE. 

A. OBJECTIVES AND SCOPE 
The main objectives are : 

1) to develop the capability of calculating the behaviour within a reactor vessel during a 
severe accident so that the efficacy of accident management strategies can be assessed. 

2) to understand how accurate the results of such calculations are. 
The capability is achieved by developing the existing European codes ICARE and KESS 

to the point that they are capable of calculating such events. The accuracy is demonstrated by 
checking the results of calculations of these codes against past experiments, other codes and 
experiments to be carried out during the lifetime of this project. Models to be developed include 
quenching models and models for material relocation; both to a debris bed/molten pool and 
afterwards towards the lower head. 

The codes will be checked against TMI-2, Phebus-FP, the Sandia MP and XR tests and 
also against quenching tests to be performed on a new "Quench" facility consisting of an 
electrically heated bundle of rods. These tests will investigate the quenching of a bundle of 
simulated rods. 

B. WORK PROGRAMME 
The project is divided into four main work packages : 

B.l. Execution of experiments that can be used for the calibration and validation of codes 
used for reactor sequences (FZK). 

B.2. Scaling studies to make sure that the experiments carried out in this project represent as 
well as possible phenomena expected to be encountered in reactors (AEA, Univ. Ruhr, 
Univ. Pisa). 

B.3. Development of codes so that they can better represent reactor sequences (ENEA, Univ. 
Ruhr, JRC, Univ. Provence, Univ. Politécnica Madrid, Univ. IKE, Univ. Dresden, 
CEA). 

B.4. Validation that codes are able to calculate experiments. Some of the experiments used 
are performed as part of this project. Others are the heritage of past programmes 
(ENEA, JRC, Univ. IKE, Univ. Politècnica Madrid, AEA, FZK, Univ. Ruhr, Univ. 
Dresden, CEA). 
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C. PROGRESS OF WORK AND RESULTS OBTAINED 

Summary o f Ma in Issues 

The main experimental work will be the bundle tests to be performed in the Quench 
facility. Although the design and construction of the facility has taken longer than 
planned, FZK still feel tha t they will be able to perform the two tests stipulated in the 
contract and write a final report before the end of 1999. The latest t imetable for this 
work is: 

Design and construction of facility April 1996 - March 1997 
Scoping test June 1997 - October 1997 
First bundle experiment October 1997 - March 1998 
Second bundle experiment January 1998 - July 1998 
Final Report December 1998 

While waiting for the results of the bundle tests the single rod tests are providing valuable 
insights into the cracking of cladding and the consequent enhancement of oxidation rates 
during the quenching process. 

The pre-test calculational work, the code development and code validation are 
proceeding. There have been three modifications with respect to the original plan: 

1) FZK are assisting with the scaling calculations for the Quench facility. Their effort is 
not paid by the project but it will be summarised here because it is an integral part 
of the overall effort. 

2) IKE will perform pre-test calculations instead of post-test calculations for the 
Quench experiments. This decision was taken because it was felt that an independent 
confirrnation of the S C D A P / R E L A P 5 scaling calculations was required in order to 
increase the confidence in the boundary conditions chosen for the Quench tests. 

3) UP are developing models for the movement of material to the lower head instead of 
models for debris bed / molten pool transformation. Debris bed/mol ten pool models 
already exist and are already being calibrated as part of this project. The state of 
knowledge on relocation is much more scanty. 

A report on the validation of the code ICARE-2 on the first Phebus test, FPT-0 , has 
been submitted as a deliverable to the project. 

Progress and Results 

1. EXPERIMENTAL WORK (FZK) 
The main experimental results obtained so far have been from a set of single rod 
experiments. These were conducted in the following way: 

1) pre-oxidation in air to a pre-defined thickness of zirconium dioxide (0, 100 or 300/xm). 
2) heat-up to 1200, 1400 or 1600°C in an inert atmosphere. 
3) quenching either by: 
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i) water at 90° C and 1.5cm/sec flooding rate 
ii) a rapid s team flow at 140°C and 2 grams per second. 

The heat losses is these experiments were such that no temperature escalation was seen. 
The main effects of quenching were: 

• A release of hydrogen. Figure 1 shows the mass released for the water-quenched 
cases. 

• A storage of hydrogen in the zirconium. Figure 2 shows the mass stored for each of 
the water-quenched cases. 

These results are, at first sight, surprising. Most models assume tha t the oxide layer acts 
as a diffusional barrier so we would have expected an exponential increase of hydrogen 
release with increasing temperature of the specimens and a decrease of hydrogen release 
with increasing oxide layer thickness. Similarly we would have expected tha t the tests 
without pre-oxidation would have absorbed most hydrogen. Tha t this did not happen is 
due to the cracking of the cladding that exposed bare metal. 

For the 300μπι pre-oxidized specimens large cracks, penetrat ing bo th the oxide 
layer and metal substrate, were observed in both the water-quenched and steam-cooled 
specimens. Metallographic examinations indicated that : 

1) The formation of the cracks is more pronounced for the experiments where the 
quench is init iated from low temperatures of 1200° C than those where it was 
initiated at 1600°C. 

2) Most of the metallic Zircaloy is converted into the britt le oxygen-stabilised a-Zr(O). 
3) T h e surfaces of the cracks are partially oxidized. 

During cooldown zirconia changes its crystal structure from tetragonal to monoclinic at 
about 1200°C. This phase transition is accompanied by a volume increase that generates 
mechanical stresses in the oxide. The crack formation at specimen temperature of about 
1200° C was also directly observed during an experiment with reduced inductive heating 
and slow cooldown. We therefore believe tha t it is is this phase transit ion that leads to 
the cracking of the cladding and the enhanced hydrogen storage and release. 

These experiments are leading to an increased understanding of phenomena 
governing quenching that can be used for model validation and calibration. 

2. SCALING STUDIES 
2.1 Bundle Quench Tests (AEA, FZK, RUB) 
The main objective of this task is to make sure that the tests to be performed in the 
Quench bundle facility are representative of reactor accidents. The first year's work has 
concentrated on making sure that the tests are feasible. 

Early decisions were taken firstly build the shroud finer from Zircaloy so that the 
heat liberated during oxidation could then compensate for heat lossses and, secondly, 
base the bundle layout on Phebus-FP. 

T h e calculational work was divided. FZK examined the test section while AEA and 
RUB examined the upper plenum above the test section and the off-gas line which leads 
from it. 

Like the single rod tests the bundle tests will have a pre-oxidising phase and it is 
on this part of the transient that FZK have concentrated their effort. Their calculations 
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with SCDAP/RELAP5/mod3 .1 clearly indicated tha t the outside of the shroud needed 
forced convection cooling if it was not to overheat. Counter-current argon flow provided 
the flattest temperature profile in the test section so this was adopted in the final design. 
An additional water loop will be used to cool the sensitive top par t of the bundle. 

AEA. assisted by RUB, have used the results from the FZK alculations as boundary 
conditions to assist in optimising the design of the upper plenum and offgas fine. The 
principal design concerns were that : 

(a) the steel and Inconel temperatures should not exceed the 600° C design limit 
governed by material s trength and oxidation considerations. 

(b) there should be no likelihood of condensation of steam on cold structure surfaces in 
the upper plenum. This could lead to rainback of water into the test section, giving 
possible premature and unprototypical quench from the top of the bundle. This 
imposed a minimum temperature of 150°C. 

The calculational strategy followed four interlinked routes. 

• SCDAP/RELAP5/MOD3.1 to provide a 1-dimensional model of the thermal 
response of the heat structures in the upper plenum and offgas line along with the 
thermal hydraulic response of the fluid (non-condensable gas and /o r single or mixed 
phase water / s team) , 

• the finite-element code TAU to provide more detailed 2-dimensional heat conduction 
and thermal radiation modelling of the structural elements in the upper plenum. 

• the computational fluid dynamics code CFX4 to give detailed flow modelling of the 
upper plenum and offgas line. 

• Engineering calculations (performed at RUB-NES) to analyse independently the 
thermal loads on the offgas pipe structures during FZK quench test operation. These 
calculations aim to identify unintentional occurrences of hot spots threatening the 
pipe structure integrity as well as steam condensation processes leading to imprecise 
offgas measurements. 

The calculations showed tha t the third and final design satisfactorily solved the earlier 
problems. 

2.2 Air Ingress (USP) 
A number of air-ingress tests will be performed as part of a sister project (OPSA) in the 
in-vessel behaviour cluster. As a support to tha t project, and also in preparation for 
future air-ingress tests in the Quench facility, USP have started an analysis to determine 
how such accidents could occur in reactor scenarios. 

3. CODE DEVELOPMENT 
The work programme on code development is proceeding according to schedule. 

3.1 Quenching (CEA-IPSN, IKE, UP) 
Both the ICARE-2 and KESS teams are involved in developing quenching models. 

The ICARE2 team has started a cooperation with USP who have analysed 
the SCDAP/ RELAP5 quench model and proposed a number of corrections and 
improvements. It is planned to implement this model in ICARE2 for calculations of 
existing or future quench tests. 
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IKE's main task is to improve and to extend the KESS models considering the 
essential physical processes during quenching. This model development is based on 
the analysis of the FZK quench experiments. Four of the single rod tests have been 
analysed. The model development has concentrated on the quench and boil-off phase 
until rewetting of the specimen. The first comparison of the calculated temperatures 
with the experimental da t a shows that the cooldown rate of the rod specimen under film 
boiling conditions is underpredicted during quenching. This means that the heat transfer 
coefficient between the rod cladding and the fluid - calculated with the correlation derived 
by Bromley [1] - is not adequate for non-stationary flow conditions. 

To solve this problem a new heat transfer correlation, depending on the assumed 
axial profile of the vapor film thickness and the resulting vapor velocity, has been applied. 
Using the modified thermohydraulic module a good agreement between the calculated 
and measured temperatures . 
3.2 Transition to Debris Bed/Molten Pool Formation and Behaviour (CEA, ENEA, 
T U D ) 
Significant efforts have been made to improve ICARE's late phase modelling degradation: 

• The effective conductivity of debris beds has been improved by: 
- considering the liquid fraction in porosities. This increases the equivalent 

conductivity. 
- modelling the dispersion effect of the cooling fluid which flows through a debris 

bed. 
- improving the modelling of heat exchanges by radiative transfer. 

• improving steam properties at high temperature: The heat capacity of steam has 
been modified to take into account the dissociation of H2O at high temperatures . 

• improvement of molten pool modelling by: 
- taking into account natural convection caused by internal heat generation 
- improving the boundary layer model for molten pools. 
- enhancing the radiative exchange model in a cavity 
- modelling the heat transfer at the liquid-solid interface of the molten pool. 

Many of these improvements were calibrated on the Sandia National Laboratories D C l 
experiment (see section 4.4) and tested on Phebus FPT-0 and the Sandia M P tests. 

Work on KESS concentrated on the control rod modelling. An analysis of the 
Phebus FPT-0 experiment indicated that the control rods may have contributed to an 
early formation of a debris bed/mol ten pool. Many post calculations of FPTO test with 
KESSIII-Mod2 and single rod experiments in the DRESSMAN facility have been carried 
out in order to unders tand the process better. 
3.3 Movement of Material to the Lower Head (UP, UPM, RUB) 
TMI-2 investigations indicate the relocation of molten ceramic material from a molten 
pool in the core central region into the lower head via two main pathways 

• a jet type flow of melt through the core bundle region 
• a cascade type flow of melt through the peripheral core support assemblies 

Bandini from ENEA has coordinated and the writing of a s tatus report on the movement 
of material to the lower head on behalf of the Committee for the Safety of Nuclear 
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Installations (CSNI). Other members of the COBE project have participated. A first 
draft report has been issued and it is now under review by the Degraded Core Cooling 
(DCC) Task Group. As par t of this work a review has been made of available code 
models. Both mechanistic (SCDAP/RELAP, ICARE/CATHARE, ATHLET-CD/KESS) 
and integrated (MELCOR, ESCADRE) system codes have been taken into consideration. 

UP have used a finite element code, MARCUS, to simulate an immiscible and viscous 
corium flowing down in a simplified bypass-like geometry initially filled with water. A 
pseudo-concentration based technique is employed to track the moving corium-water 
interface. Only the isothermal case has been considered in the present computation. 

Work is also underway on BWRs. UPM are modifying ICARE-2 to take into account 
B W R features such as control blades and will test this modified code on the XR2-1 
experiment. 

3.4 Behaviour in the Lower Head (RUB) 
Like the MECO code developed by RUB, for ex-vessel melt spreading scenarios, MECI 
is based on the Navier-Stokes-Equations for two-dimensional, transient, viscous flows of 
incompressible fluids. A version for bot tom head applications that can treat free surface 
melt jet impingement phenomena is under development. 

3.5 Modelling Irradiated Fuel (JRC) 
There is no model in ICARE2, nor indeed any other LWR system code, tha t takes into 
account the burn-up of fuel. Yet in several tests where irradiated fuel can be compared to 
fresh fuel large differences in behaviour have been observed. 

A simplified approach was used to determine the influence of intragranular bubbles 
on swelling. Solving the Van-der-Waals equation of state for Xe (Olander, [2]) by 
assuming constant temperature and gas content, it was found that a bubble enlargement 
over two decades in the radius causes a swelling between 10% to 100%. 

Some stand-alone codes can treat swelling mechanistically. Two of them, LAKU 
(Vaeth [3]) and VICTORIA (Heames et al. [4]), were chosen for further examination. 
When run in the "steady state" mode both codes suggested a 16% swelling in the cold 
rod regions (rod outer temperature about 1900K) and 12.5% in the hot rod regions (rod 
outer temperature about 2400K) for Phebus F P T - 1 . The comparison between transient 
and steady state calculations of LAKU are similar concerning the swelling but not for 
fission product release because both par ts of the code have different porosity models. 

4. CODE VALIDATION 
The experiments used for the code validation part of this project are summarised in the 
table below. Nearly all the partners are involved. 

Test 
Quench 
MP1.2 
Phebus 
XR2-1 
TMI2 

JRC 

1 

CEA-IPSN 
1 

1 

ENEA 
i/s 
l&S 
l&S 

l&S 

IKE 
K 

K 

AEA 
l&S 

RUB 
l/K 

UPM 

l/M 

FZK 
l&S 

TUD 

K 

ICARE, K=KESS, M=MELCOR, S=SCDAP/RELAP5 
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Analysis is concentrating on experiments that simulate the late phases of core 
degradation. 
4.1 Quench Tests (IKE) 
While waiting for results of the full bundle tests in the Quench facility the single rod tests 
have been studied. Calculations with KESS that do not take into account the cracking of 
the oxide layer underest imate hydrogen production. 
4.2 Phebus-FP (JRC, ENEA, T U D ) 
Hydrogen production is a problem for Phebus too. A number of calculations of the test 
FPT-0 have been made and hydrogen generation was underpredicted by nearly all codes. 
It is thought that much of the missing hydrogen was generated by Zircaloy tha t was 
molten, liquified or relocated. The codes (except ICARE-2) assume that only intact solid 
Zircaloy can oxidise. JRC and ENEA have performed post-test calculations of FPT-0 and 
ENEA have star ted work on F P T - 1 [5]. 

KESS calculations at TUD are concentrating on the impact of control rod behaviour 
on the melt progression. Results from Phebus indicate that the codes' assumption of no 
interaction between control rod material and cladding is false. 
4.3 Three Mile Island (CEA-IPSN) 
The Three Mile Island accident provides a performance indicator for the whole project. It 
includes quenching, molten pool formation and movement of material to the lower head. 
The accident can be divided in five phases: firstly a loss of coolant accident, secondly 
core heat-up and degradation, thirdly a partial reflooding with continued degradation, 
fourthly a corium relocation to the lower plenum, and finally a debris cooldown. Present 
analysis has concentrated on the molten pool formation during phase 2. CEA-IPSN are 
using ICARE2 V3 with boundary conditions supplied by the thermalhydraulic code 
CATHARE. 
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Figure 1 
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Β.1.3-1 Core melt-pressure vessel interactions during a light water reactor severe accident 

-MVI 

Contract No: FI4S-CT95-0007 Duration : 1 Jan. 1996 - 31 Jan. 1999 

Coordinator : Prof. B.R. Sehgal, Univ. KTH (RIT) Stockholm/SE 

Tel.:+46-8-7906541 - Fax.:+46-8-7907678 

E-mail: sehgal@ne.kth.se 

Partners : IVO Vantaa/FI, CEA-DRN Grenoble/FR, AEA Winfrith/GB, VTT 

Espoo/FI, ENEL Milano/TT, Univ. La Sapienza Roma/IT, ECN 

Petten/NL, Siemens-KWU München/DE 

A. OBJECTIVES AND SCOPE 

The objectives of the MVI Project are to obtain data, and develop validated models, for 

the resolution of the various safety issues related to melt-vessel lower head interaction during a 

severe accident. The main objective is to assess whether melt can be cooled and retained within 

the vessel lower head. Data should be obtained for : 

- the vessel wall ablation process due to the impingement of a melt jet, 

- the melt coolability process in the presence of water, 

- the in-vessel melt retention process in the presence of crust, 

- the external cooling of the reactor vessel, 

- the critical heat flux during external cooling, 

- the lower head melting or creep-rupture process, and 

- the vessel-hole ablation process. 

B. WORK PROGRAMME 

The project is divided into four main work packages : 

B.l RIT Experiments 

The experimental programme at RIT is focused to study the interactions of simulant 

materials with the pressure vessel, coupled with scaling analyses towards applicability of 

the data obtained to prototypical accident conditions. It includes experiments on melt jet 

impingement, in-vessel melt coolability, lower head failure and vessel-hole ablation at 

the facility MIRA (RIT). 

B.2 IVO Experiments 

Several in-vessel melt retention experiments are performed at the COPO facility in 

order to evaluate the margins to melt-through of the reactor vessel (IVO). 

B.3 CEA Experiments 

These experiments are oriented to obtain data on the thermal hydraulic behaviour of a 

naturally convecting corium pool in the lower head of the vessel at the BALI facility, 

and to determine the critical heat flux for the configuration of a flooded reactor vessel or 

a core catcher under natural and forced circulation at the SULTAN facility (CEA). 

B.4 Analysis Development Programme 

The previous experimental programmes are supported with both simplified and 3-D 

fluid dynamic codes for providing pre-test and post-test analyses, developing 

understanding of the obtained data and validating models for phenomenological 

processes and prototypical situations (AEA, VTT, RIT, La Sapienza, ENEL, ECN, 

Siemens, IVO). 
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C. PROGRESS OF THE WORK AND RESULT OBTAINED 

C l . RIT Experiments 

The work at RIT during the first year of the MVI Project consisted of the following topics: 

C.l.l Hole Ablation Experiments and modeling 

Various melt and vessel wall simulants were employed in the test program, in order to, better, 
examine the influence of material properties upon the ablation phenomena. It was realized that 
the melt viscosity plays an important role in hole ablation. That is because the crust layer of 
melt which can form upon the ablating hole will undoubtedly exhibit a significant surface 
roughness. In lower viscosity melts the thickness of the boundary layer is small enough that 
the surface roughness governs the heat transfer, thereby minimizing any entrance effects, and 
producing a much more uniform (one-dimensional) ablation. In the experimental program, it 
was found that for the higher viscosity melts (binary oxide and paraffin oil) the final hole 
shape was very much two-dimensional, with a significantly wider "mouth", on upper surface, 
than the exit. Conversely, with the water and salt melt simulants the ablation profile may be 
characterized as one-dimensional. In all of the experiments, it was clear that the crust 
boundary condition prevails all the time, i.e., the temperature difference driving the ablation is 
the melt temperature and the melt liquidus temperature (i.e., AT = Tme\t - TUq). Thus, even 
though the crust may be swept out by the melt flow, it re-establishes itself i.e., the time 
required for crust formation appears to be much less than the rate of crust sweep-out. A 
model named HAMISA (hole ablation modeling in severe accidents) has been developed and 
validated against data obtained at RIT and other laboratories. 

·"·»*-

C.1.2 Jet Impingement Experiments and Analysis 

Experiments were conducted for jet impingement heat transfer with phase change. The 
motivation for this research is to gain a better understanding of the heat transfer phenomena 
associated with a, potential, relocating melt jet impinging upon a RPV lower head during a 
severe accident. Knowledge of such heat transfer rates will reduce the uncertainty of 
predictions regarding vessel failure, caused by direct contact of a corium jet with the vessel 
wall. 

In the current experiments a variety of melt jet and solid plate simulants were employed. 
Temperature instrumentation in the stagnation zone of the impinging jet allowed for 
subsequent determination of the ablation heat transfer. The data were then compared to the 
available laminar and turbulent models for jet impingement heat transfer. This showed that the 
data is predicted quite well by the Saito correlation, previously obtained for jet impingement 
with phase change. 
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For conservative assessments in prototypical situations, where the jet diameter may be 
assumed to be relatively small and the pour times long, the majority of heat transfer will fall 
in the turbulent heat transfer regime, and, thus, the use of Saito 's correlation is appropriate. 

C.2. IVO Experiments on the COPO Facility 

The COPO facility was modified to provide constant temperature boundary conditions and 
crust formation on all boundaries of the slice configuration. The first test carried out within 
the MVI project was called test L7. The test L7 was intended to be a base case test with the 
elliptical bottom version of COPO II facility to be compared with the results from BALI and 
from the COPO version with a hemispherical bottom. However, the run L7 partially failed due 
to gas leakage into the test section and consequential formation of a gas bubble under the 
upper cooler. 

The test L8, which was basically a rerun oftest L7, was carried out in September 1996, after 
modifications of the support system of the facility to prevent similar type of gas leakages as in 
L7. The modified Rayleigh number was 9.8-1014. The test was run with a homogenous pool 
with all boundaries cooled. 

The results showed relatively high heat transfer coefficients at all boundaries. The measured 
values are higher than predicted by the well-known correlation of Steinberner and Reineke 
and also higher than those measured in the ACOPO experiments at University of California, 
Santa Barbara. Also, at the side boundary, and at the lower boundary, the heat transfer 
coefficients were higher than expected and exceeded the values measured in COPO I. The 
reason for the discrepancy is under investigation. 

The test L9 was carried out as the first test with a stratified pool configuration. The lower part 
of the pool consisted of water-zinc sulfate solution which was electrically heated as in the 
earlier experiments. A nonheated layer of distilled water was located on top of the heated 
layer. The two layers were separated by a thin, thermally conducting plate (aluminium with 
aluminium oxide coating). 

According to the results, the ratio of heat fluxes to upward vs. sideward directions from the 
nonheated layer matched the ratio predicted by the well-known correlations of Globe & 
Dropkin and Churchill & Chu, correspondingly. However, the overall heat transfer from the 
lower, heated layer to the upper layer was disturbed by an apparent leakage at the intermediate 
plate, and by the consequential mixing of the two layers. 

C.3 CEA Experiments 

The CEA experiments are being performed on two facilities: BALI, in which data is obtained 
on the thermal loading imposed, on the vessel wall by a naturally-convecting corium pool in 
the lower head; and SULTAN, in which data is obtained on the critical heat flux (CHF) for 
external cooling of the lower head. The BALI uses a slice vessel of 100°C angle, at full scale, 
and represents corium by salt water, which is heated electrically. The Ra number reached is in 
the range 1016 to 10'7, i.e., the prototypic value. The SULTAN experiments employ 4 m χ 0.15 
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m plates held at several angles to the horizontal. The plates are heated electrically and are 
cooled at bottom with water in forced and natural convection. 

C.3.1 BALI Experiments 

The first 6 months were devoted to the qualification of the facility. The first tests have pointed 
to a water leakage problem on the front and back windows: the initial solution (silicone seal) 
was not reliable and another one has been satisfactory tested. The first test campaign started in 
September. Up to now, seven tests have been run with 1.5 meter pool height, for different 
power densities and for one of them without top cooling. 

The basic analyses show an under prediction of the upward heat flux when BALI results are 
compared with values extrapolated from the last COPO results. 

The 1.5 meter height BALI tests have greater Ra number but have the same aspect ratio (H/R) 
as the 0.6 m height COPO tests. For these tests good agreement with Steinberner & Reineke 
correlation, was obtained. 

At the end of the year, a 2 m height test was performed. During the test large deformation of 
the front and back windows were observed, caused by hydrostatic pressure and lateral ice 
crust formation. Waiting for appropriate test section modifications, the first test campaign has 
been momentarily stopped. 

C.3.2 SULTAN Experiments 

The first four campaigns have been completed: 

1. Vertical position, channel gap = 3 cm 
2. Inclined 10°/ horizontal, channel gap = 3 cm 
3. Vertical position, channel gap = 15 cm 
4. Inclined 45°/horizontal, channel gap =15 cm. 

The fifth campaign (inclined 45°, channel gap = 3 cm) is going on. It will be performed for a 
single outlet pressure of 0.1 Mpa. 

The first three test reports and the document describing the test plan and a test campaign have 
been sent officially to participants in the MVI project. The test reports include: 

• CHF conditions for all parameters 
• pressure drop measurements, void fraction and temperature profile for ΡOutlet= 1 bar and 

Tiniet = 99°C. 

All the available CHF results have been informally transmitted to the University of Rome to 
develop or qualify models of CHF. 
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C.4 Analysis Development Programme 

This programme is being performed at RIT, VTT, AEA Technology. University of Rome, 
ENEL, Siemens and ECN. Each of these are described below. 

C.4.1 RIT Programme: In-Vessel Melt Pool Formation and coolability 

A model to describe the debris bed heat-up process, occurring in the lower head of an LWR 
vessel, during the course of a severe accident was developed. The model treats the case of a 
uniform composition, initially quenched, debris bed of zero porosity, which is slowly 
converted into a melt pool. The hemispherical lower head wall is included in the modeling, 
and its melt-through due to the thermal attack of the melt pool is calculated. The heat 
transport to the upper boundary is through the upward movement of plumes (or layers), 
whose average velocity is calculated to deliver the requisite heat flux at the upper boundary. 
The heat transport to the hemispherical boundary is through conduction, and, then, through a 
boundary layer created by the downward flow along the curved wall from the upper part of the 
pool. Thus, the temperatures within the pool are calculated. A melt pool is created after the 
liquidus temperature is exceeded. The vessel melting and melt-through is calculated by 
following the temperatures in the vessel wall. 

This model named MVITA (melt-vessel interaction thermal analysis) was applied to a BWR 
lower head melt pool formation, and vessel melt-through, scenario as an illustration. The 
calculation showed that due to the relatively low heat conductivity of the core debris, the 
effect of the cold boundaries does not extend far into the debris bed. 

It was found that the thickness of the crust (debris) around the pool does not affect the split of 
the heat generation into fractions going to the top and sideward boundaries. The crust simply 
acts as a boundary condition at the liquidus temperature to the melt pool. 

The MVITA model was extended to a more complex debris configuration, which includes an 
overlying metallic layer. Effective conductivity, based on Eckert-type boundary layer 
correlations, and effective velocity, based on upward turbulent natural convection heat 
transport rates, represented the major heat transfer mechanisms in naturally- convected liquid 
pools. 

The local heat flux distribution on the side wall of the metallic layer was found to depend on 
Ravw, i.e.,the input heat flux and the layer thickness. However, the results from the integrated 
analysis showed that the focusing effect of the metallic layer is significantly diminished in a 
reactor configuration. This is due to a thicker oxidic crust layer at the near-wall (debris 
comer) region, and hence, lower heat fluxes in this region, coupled with the two-
dimensionality of the heat conduction process in the steel vessel. 

C.4.2 VTT Programme: Failure Mechanisms of Vessel Wall and Penetrations 
' Ö 

A model to calculate the creeping of pressure vessel and penetrations was added to the 
PASULA code. The formulae for calculating simultaneous linear-elastic, elastic-plastic, 
creeping and thermal expansion deformations were derived. The model is being tested and 
validated against data. BWR control rod penetrations are being analysed. A report was issued. 
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The effective thermal conductivity of a granular bed varies with particle size and temperature. 
A model was developed with particles represented as spheres touching or not touching each 
other. The effective conductivity was found to increase with temperature due to radiative heat 
exchange between the particles. A report of this work has been issued. 

C.4.3 AEA Technology Programme 

The AEA Technology work consist of model development, review and coordination of 
models developed by others in the MVI Project, and providing assistance in defining 
interfaces with models developed by other projects in the in-vessel, ex-vessel cluster. Close 
cooperation was maintained with RIT and later with VTT in order to integrate models 
together to produce an overall model for MVI. 

A strategy for the MVI model development efforts was developed. A compilation of the 
corium properties, needed for the MVI development effort, was made. A review of corium 
relocation scenarios, needed as initial conditions for the MVI, was performed. All three of 
these efforts were documented, and distributed to MVI partners for comment. Additionally, 
three other reports were written based on joint work performed for the U.K Health and Safety 
Executive. These described: 

- a hole ablation model for the LOWHED code, 
- a jet impingement-ablation model for the LOWHED code, and 
- review of the in-vessel retention by in- and ex-vessel flooding. 

These reports have been made available to MVI partners. 

C.4.4 University of Rome "La Sapienza" Programme 

The work at University of Rome supports the experiments on SULTAN facility of CEA. A 
preliminary analysis of 129 experimental data points with forced convection and down-ward 
facing inclined surfaces was analysed. A correlation to predict CHF for these conditions was 
developed. Its predictions are quite reasonable: 89% within ± 20% and a r.m.s error of 12%. A 
paper based on this work has been submitted. 

C.4.5 ENEL Programme o* 

The ENEL work consist of supporting the MVI modeling work through its CORIUM-2D 
code. The radiation heat transfer model was improved. In addition work was started on other 
relevant topics, e.g., radiation within the particle bed, corium properties between liquidus and 
solidus, time required to reach steady state, corium mass relocation etc. A verification 
validation campaign for CORIUM-2D has been started. A review of the AEA Technology 
reports was performed. 
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C.4.6 Siemens Programme 

The Siemens work is related to determining the influence (focusing effect) of the metal layer 
that may be present on the upper surface of a molten corium pool undergoing natural 
circulation in the lower head. 

The whole system is represented in the 2-D ADINA code. It was found that many mesh 
points have to be included, thus, the calculations take a long time on the computer. A 6 
minutes transient was completed. It is seen that crusts are being formed on the cold surfaces 
and the metal layer has started to heat up. The calculation has to be continued further to 
determine the existence or strength of the following effect. 

C.4.7 ECN Programme s>* 

The work at ECN will support the BALI experiments at CEA. The work will start in 1997. No 
work was performed in 1996.. 
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B.1.4-1 Behaviour of the reactor pressure vessel under mechanical and thermal loadings 
caused by core melt-down and steam explosion accidents - RPVSA 

Contract No: FI4S-CT95-0002 Duration : 1 Jan. 1996 - 31 Dec. 1998 
Coordinator : Dr. R. Krieg, FZK Karlsruhe/DE 

Tel.:+49-7247-824356 - Fax.:+49-7247-823718 
Partners : CEA-DRN Saclay/FR, ENEA Roma/IT, JRC-ISIS Ispra/EC, KFA-IWE 

Jülicn/DE, PSI Villigen/CH 

A. OBJECTIVES AND SCOPE 
The mechanical behaviour of the reactor pressure vessel strongly influences the 

environmental consequences of a core melt-down accident. If unfavorable large-scale failure of 
the vessel could be ruled out, this accident would lose much of its catastrophic character. 
Therefore, thorough investigations of the response at the most vulnerable parts of the reactor 
pressure vessel might contribute significantiy to improve nuclear fission safety and to restore 
public acceptance of nuclear power. 

B. WORK PROGRAMME 
The project is divided into five main work packages : 

B.l. Lower head heated bymolten core material and loaded by quasi-static internal pressure 
The lower head representing the hottest part of the vessel may undergo large creep 
deformations. In order to overcome significant uncertainties in this field the creep 
experiments RUPTHER and KRAKATOA with cylindrical and spherical shells are 
carried out and benchmarks are defined for validation of computational models (CEA, 
ENEA, FZK). 

B.2. Lower head melt through failure caused by the attack of molten core material 
The lower head melt-through failure is being investigated by the experiment CORVIS 
where the contact of molten core material with the vessel wall is simulated under 
realistic conditions. The results are also used to validate computational models (PSI, 
FZK). 

B.3. Lower head region loaded by dynamic pressures during a postulated steam explosion 
The lower head region may also be loaded dynamically during an in-vessel steam 
explosion. Experimental and theoretical investigations are planned to investigate the 
formation of an upward moving molten fuel slug (FZK). 

B.4. Upper head region loaded by a molten fuel slug impact during a postulated steam 
explosion 
The upper vessel head may be hit by this slug. An upper head failure would severely 
endanger the containment integrity. Therefore, model experiments BERDA are carried 
out investigating the slug carrying capacity of the upper head. To avoid computational 
difficulties, the experiments BERDA fulfil essential similarity conditions allowing the 
direct transfer of the results to reactor dimensions. This activity will be supported by 
more simplified experiments FLIPPER and tests with the impact facility ORION as well 
as theoretical investigations (FZK, CEA). 

B.5. Material properties for the lower and upper vessel head problem 
The high temperature mechanical data base for vessel steels is being widen by carrying 
out creep tests with tensile specimens, dynamic tension tests and other additional tests 
(FZJ, JRC, FZK). 
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C. Progress of work and results obtained 

Summary of main issues 
Calculations of the natural convection in the corium pool formed by the lower head 

yielded useful results. On this basis the temperature distribution in the lower head can be 
determined. Uniaxial creep tension tests and the biaxial RUPTHER tests with pressurized 
tubes were performed in order to determine the parameters of advanced material models 
valid for the expected high temperature range. The tubes failed by local piercing. One 
RUPTHER test has been defined as a benchmark (task 1 and 5). 

Several CORVIS experiments were done in order to investigate the contact of corium 
with the lower head. Realistic lower head thicknesses and temperatures were considered, 
but the vessel pressure was not simulated. Main results: A jet-like attack of overheated 
metallic melt is able to cause a fast lower head melt through failure. However, the contact 
of oxidic melt is less severe; oxide crusts occur which are able to protect the steel 
structure against melting (task 2). 

First BERDA experiments allow assessment of the impact of molten core material 
which the upper head is able to withstand. If the geometry of a 1300 MW PWR is scaled 
down to 1:10 and if the temperature influence as well as the upper internal structures are 
neglected, the tolerable kinetic slug energy is about 0.5 MJ. In addition, similarity 
investigations were performed yielding scaling rules to transfer the BERDA results to 
reactor dimensions. Main problem: Are the high plastic deformations observed for the 
scaled down vessel head representative for the ductility of the real head? (task 4 and 5). 

Progress and results 
C.1 Lower head heated by molten core material and loaded by quasi-static interna! 

pressure 
The natural convection in the corium pool formed by the lower head was analyzed 

with the FE-codes TRIO and CASTEM 2000. Both homogeneous pool conditions and 
stratified conditions with an upper metallic layer and a lower oxide layer were considered. 
In addition, laminar and turbulent flow was assumed and the Rayleigh and Prandtl number 
were varied. In all cases very high temperature gradients occurred at the hemispherical 
boundary, the heat flux across this boundary reaching its maximum close to the upper pool 
surface. In the next step the resulting temperature distribution in the lower head will be 
determined. Moreover natural convection analyses will be done for the geometry of the 
CORVIS experiments (see task 2), and the results will be compared with the CORVIS 
observations in order to validate the applied method. 

Biaxial RUPTHER tests were carried out to check the material model under biaxial 
loading conditions which are typical for the lower head loading. A tube of diameter about 
100 mm is submitted to internal pressure and local annual heating using an induction coil 
reaching temperatures up to 1300 °C. Most of the measurements could be performed 
without direct contact to the hot specimen. As an example, Fig. 1 shows the axial 
temperature profile measured by an infrared camera. In particular, RUPTHER tests were 
done at 700 °C, 1000 °C and 1100 °C under rising pressure, and at 700 °C and 1000 °C 
under constant pressure up to failure. In all cases rupture occurred by local piercing after 
unstable bulging of the tubes. 

in 1997 one RUPTHER test with a maximum temperature of 1000 °C will be done as 
a benchmark. Pre-calculations will be submitted by FZK, CEA, ENEA and PSI. 

C.2 Lower head melt through failure caused by the attack of molten core material 
These conditions are primarily related to core melt down accident conditions with 

reduced pressure levels (low pressure paths). Of particular interest are those reactors 
where the lower head carries penetrations of various designs. Melting tests are performed 
in a cylindrical steel container (test vessel), the bottom of which (test plate) represents a 
cut-out of an RPV lower head wall made of reactor steel. The test plate thickness and the 
diameter of the tube insertions agree with the corresponding reactor dimensions. The core 
melt substitute is an alumina/iron thermite, of which either the oxidic or the metallic part 
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are used in the experiments. After pouring of the melt into the test section, the generation 
of the corium decay heat is simulated by a sustained heating with an electric arc 
submerged in the melt bath. The tests are performed at atmospheric pressure. 

Three experiments were carried out in 1996. Fig. 2 shows typical temperature 
histories measured in the test plate. After the transient behavior during the first minutes, 
the temperature at the upper surface is almost constant for more than half an hour. 
The most important findings are related to the plate failure: 
- A jet-like release of overheated metallic melt from the core region certainly leads to a 

breach of the BWR drain line, when only a small portion of the core inventor/ has 
passed the tube. Failure of the RPV wall by erosion (jet impingement) is also possible. 

- In contrast, accumulation of an oxide pool in the RPV lower head is propably no hazard 
to the drain line integrity, if the system pressure is low. However, the oxide melt can 
penetrate the drain line at least as far as there is no residual in the tube. If actually a 
tube breach occurred, a considerable amount of core melt can flow out. 

- Oxide scales protect the steel structures against melting. It appears that a melt front in 
the steel cannot proceed as long as an overlying scale is not molten. 

- Only a small amount of oxide melt can penetrate the narrow instrumentation tubes, 
especially if the tubes contain cable material or water. The decay heat is too small for a 
heating up of the tubes. Therefore, a tube breach by only melt penetration is unlikely. 

- At low pressure, the RPV wall in the vicinity of a penetration cannot be destroyed within 
a short time if the oxidic melt is stagnant. The experiments showed that the test plate 
surface temperature does not exceed 1100°C (if not thermally insulated). 

In 1997 the work will be concentrated on interpretation of the CORVIS results and on 
analysis. 

C.3 Lower head region loaded by dynamic pressures during a postulated steam 
explosion 
Some assessments were carried out and tests were prepared. Essential results are 

not yet available. (For this work EU funding is not available) 

C.4 Upper head region loaded by a molten fuel slug impact during a postulated steam 
explosion 
The impact of molten core material on the upper head is investigated by the model 

experiments BERDA simulating the reactor scenario 1:10 as closely as possible. The 
vessel head and its bolts are represented by models made of the original materials. They 
are precisely scaled down by 1:10. The molten core is simulated by liquid metal with about 
the same density but with a much lower melting temperature. It is contained in a crucible 
and accelerated against the model of the head using a pneumatic drive mechanism. Prior 
to the liquid slug impact the crucible is decelerated by a crash tube, thus the crucible does 
not participate in the impact process. To carry the dynamic loads, the whole facility is 
mounted on a heavy base plate of 38000 kg which is supported by springs. 

In the first and second test lead spheres of 10 mm diameter and a total mass of 
65 kg were filled in the crucible and accelerated against models of the head. 

For comparison in the third test a steel projectile of 26 kg with a spherical surface 
was hurled against the head; radius of the spherical surface 160 mm; radius of the inner 
surface of the head 278 mm. 

ln the next four tests liquid metal having a mass of 80 kg was hurled against the 
head. During the fourth test the crucible failed and therefore, strong slug dispersion 
occurred reducing the impact force significantly. However, for the next tests compact liquid 
slugs occurred causing high load peaks and severe head deformations (Fig. 3). The strains 
reached values up to about 30 %, peak strains were even higher. 

In the heads used for the tests also the holes for the control rod drive mechanicsms 
were simulated. Before the tests the holes were closed by plugs with threads similar as for 
German PWR. During the slug impact many plugs were expelled reaching velocities up to 
70 % of the slug velocity. 
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Results of the different tests are compared in Fig. 4. Consider that the forces are 
linearly converted to a reference mass of 80 kg. (Thus for test 03 with a mass of 26 kg the 
force is increased by the factor 80/26 yielding a value much higher than the capacity of the 
head and the bolts.) The figure reveals that for slugs of lead spheres and liquid metal the 
impact forces are only about one quarter of the force from a solid projectile. From test 01 
and 02 using lead spheres and test 05 and 06 using liquid metal it might be concluded that 
the relation between the maximum impact force and the impact velocity can be described 
approximately by a parabola. However, our computational model SimSIC recently 
developed for this problem suggests different and more complex relations for the lead 
spheres and the liquid metal. According to SimSIC the large plastic head deformations 
seem to be of considerable influence. This was confirmed by test 07 carried out just before 
the preparation of this paper. 

In addition, simularity investigations were performed to obtain scaling rules for 
transfer the BERDA results to reactor dimensions. From the simplified impact experiments 
FLIPPER carried out on different scales it was concluded that for liquid structure impact 
problems the transfer to other scales follows approximately the known similarity rules. 
However, for certain materials the structural stiffness does not seem to follow known rules. 
Moreover it is not clear whether the high plastic deformations observed for the BERDA 
tests can also occur for real reactor components. Here further research is necessary. 

C.5 Material properties for the lower and upper vessel head problem 
For the investigations of both the lower and the upper head information about the 

mechanical material properties are required. Thus creep tensile tests were carried out at 
700 °C, 730 °C and 750 °C. Based on the measured strain as a function of time the 
constants of the classical Norton creep equation could be determined. However, in this 
equation the strain rate is assumed to be constant for a given stress, while in the tests the 
strain rate varied. This will be overcome by the advanced material models developed 
under task 1. 

Furthermore, dynamic tests at the Large Dynamic Test Facility (LDTF) in Ispra were 
prepared. Heating techniques to allow test temperature up to 800 °C were successfully 
tested. The procurement of the material for the specimens turned out to be time 
consuming. In order to allow the comparison of our test results with those to be obtained in 
the new EU project REVISA, the same heat of material should be used. Therefore, 
additional negotiations were required and a very large amount of material had to be 
ordered. Thus the milestone could not achieved. Now the first tests are scheduled for 
1997. 

Height ζ (mm) 

Fig. 1 : Infrared camera image and corresponding axial temperature profile 
(the discontinuity is due to the induction wires) 

101 



o 

1600 

1400 

1200 

ρ 1000 

800 

O 

1000 

800 

600 

400 

Distance from ccnler. r = 125 mm 

TAfH-frY-1 ·-^ 

J_ 
2000 4000 

Time [s] 

r - 135 mm 

Fig. 2: Experiment 03/2. 
Typical temperature histories at 
the test plate measured at dif­
ferent radius distances from the 
centre and at different levels 
above the test plate lower sur­
face. Arc heater power 240 kW. 

a) upper plate surface 
b) lower plate surface 

6000 

34 

32 
TEST03 (solid projectile) 

Fig. 3: Head of test 05 before and after 
the impact 

expected capacity of the bolts 

expected capacity of the head 

TEST06 (liquid metal) , 
TEST05 (liquid metal) 

TEST07 (liquid metal) /TEST02 
-(lead spheres) 

prediction by SimSIC 
for liquid metal [6] 

TEST01 o 
(lead spheres) TEST04 

(liquid metal) 
enhanced slug dispersion 

40 60 80 
Impact Velocity [m/s] 

100 120 

Fig.4: Results of BERDA tests without upper 
internal structures converted to a reference 
mass of 80 kg 

102 



B.2.1-1 Thermochemical modelling and data - THMO 

Contract No: FI4S-CT95-0008 Duration : 1 Jan. 1996 - 31 Dec. 1998 
Coordinator : Dr. M.A. Mignanelli, AEA Harwell/GB 

Tel.:+44-1235-434300 - Fax.:+44-1235-436314 
E-mail: mike.mignanelli@aeat.co.uk 

Partners : ECN Petten/NL, Univ. Ruhr Bochum/DE, Siemens-KWU Mfinchen/DE 

A. OBJECTIVES AND SCOPE 
The overall objectives of this project are to provide experimental thermochemical data 

and develop further existing thermochemical calculational models to determine the composition 
of the melt and the quantities and chemical forms of the species released from the melt to the 
containment atmosphere during the ex-vessel stage of a severe accident. 

Thermochemical methods, involving models and critically assessed thermodynamic 
data, play an increasing role in predicting fission product release and in source term 
applications. The thermochemical database is a vital part of the process for severe accident 
applications and is still being significandy upgraded by work from different European groups. 
Such groups have provided experimental data and models which are state-of-the-art to study 
these complex chemical interactions. The objectives of this proposal follow on from the 
previous work in providing new experimental data to reduce uncertainties, further development 
of the databases and assessments of the uncertainties in estimating the effect of ex-vessel 
interactions in severe accident analyses. 

B. WORK PROGRAMME 
The work programme is divided into four technical packages: 

B.l. Experimental Determinations involving the critical assessment of thermochemical data 
for pure substances and gases relevant to melt interactions, followed by the experimental 
determination of thermochemical parameters that are considered inadequate or are based 
on estimated data (ECN). 

B.2. Development of Models including critical assessment of thermochemical data for phase 
diagrams and the development on thermochemical models based on the assessed data. 
This part also includes the calculation for systems simulating stages during the ex-vessel 
interaction (AEA, ECN). 

B.3. Validation of Models by experimental determinations for representative systems (AEA, 
ECN). 

B.4. Sensitivity Studies of thermochemical data with respect to specific ex-vessel conditions, 
e.g. partial solidification, changing melt compositions due to dissolved basemat or 
protective material (Univ. Ruhr, KWU). 
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C. Progress of work and results obtained 
Summary of main issues 

Good progress has been made on both the experimental tasks and the assessment/modelling 
studies during the first 12 months of the project. A number of literature reviews have been 
completed and studies initiated following assessments of the available information. 
Thermodynamic parameters for important fission product phases have been detennined 
experimentally and a number of thermodynamic models for relevant oxide and metal systems 
have been developed. The kinetic and thennodynamic parameters that impact on the 
uncertainty in the release of fission products from molten pools have also been reviewed. Links 
with groups in the In-Vessel, Ex-Vessel and Source Term Clusters of the Fourth Framework 
Programme have been established which will enhance the development of the project. The 
results from experiments performed by these groups on the behaviour of melts at high 
temperature could be used for the validation of the data and models. Similarly, the data and 
models produced in the T U M O project could be used to interpret the experimental results. 

Progress and results 
C.l Experimental determinations (Task 1) 

The thermochemical properties for certain condensed and gas phase species of the 
radiologicaUy important fission products are insufficiendy known. In order to reduce the 
uncertainty in the predicted releases during MCCIs, thermochemical measurements (e.g. 
low-temperature heat capacity, enthalpy of formation and enthalpy increment) have been 
carried out on prepared samples. A variety of techniques have been used such as 
enthalpy-of-solution calorimetry, differential thermal analysis and electrochemical cell 
measurements. Condensed phases that have been studied experimentally, which could 
have an impact on the calculated releases, include SrjMgSi208, BaCe0 3 , SrCe0 3 , 
La2Zr207 , Ce2Zr207 and CC-BaFe204. For example, the derived enthalpy of formation, 
AfH°(298.15), for SrjMgS^O^s), BaCe03(s) and S rCe0 3 are respectively -(4575 ± 5), -
(1719.3 ±2.5) and -(1712.3 ±2.1) kj-mol""1. A number of publications of these results for 
the Journal of Chemical Thermodynamics are in preparation. 

An assessment of the enthalpies of formation of the gas phase species BaO(g) and SrO(g) 
has been completed and parameters recommended. Preliminary experimental studies of 
the vaporisation behaviour of ruthenium in high temperature, high humidity atmospheres 
has been conducted using a transportation method to assess the importance of gaseous 
hydroxide species. Some experimental difficulties have been encountered at high 
temperature (i.e. 1673K) and the use of other experimental facilities is being assessed. 

The low-temperature heat capacity of the cerium polymorphs have been studied by an 
adiabatic low-temperature cdorimeter. The results indicate that the J phase of Ce, and 
not the β phase, should be thermodynamically stable at room temperature. Along with 
this change, the entropy at 298.15K will change by approximately 20%. In order to be 
able to calculate the Gibbs energies of all three cerium polymorphs some additional 
enthalpy of solution measurements are being performed. 

C.2 Development of models (Task 2) 
Models that reproduce the available experimental phase relationships in the oxide and 
metal components of the ex-vessel melt have been further extended. This task involves 
the assessment of the thermochemical data and the binary and higher order phase diagrams 
of the components of the system. These models can then be used to calculate the 
equilibrium composition of the gas phase and melt for a range of input boundary 
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conditions of importance during the early and late stages of the interaction (e.g. 
temperature, corium composition and concrete/basemat type). 

As part of the task to extend the oxide database, a number of corrections to the data for 
the C e 0 2 systems has now been implemented and data for the binary systems with C e 2 0 3 

have been included to provide a full description of all the combinations of the oxide 
components. A literature review of possible oxide compounds in the FeO-oxide system 
has been performed and a number of intermediate compounds noted in the concrete 
systems Al 2 0 3 -Fe 2 0 3 , CaO-Fe 2 0 3 and MgO-Fe 2 0 3 and also in the fission product 
systems BaO-Fe 2 0 3 and SrO-Fe 20 3 . There has been close interaction with ECN on this 
aspect since experimental measurements on the latter compounds, such as BaFe204 and 
Ba3Fe32051 , where there is a lack of thermodynamic data, are required. 

The extension of the thermodynamic database for the metal system has also been 
progressed. A literature review of the thermodynamic data for all the binary and ternary 
metal sub-systems has been performed and where available the published phase diagrams 
have been assessed. The sub-systems U-Zr-Si-Fe and U-Ba-Sr-La-Ce have been fully 
assessed and a solution database with the optimised interaction terms has been compiled. 
The U-Ba-Sr-La-Ce system is characterised by regions of large inuniscibility and no 
intermetallic compounds. Of the other sub-systems which have not yet been assessed 
completely, there are a number of intermetallic compounds which have been identified 
from the literature and for which there are very Hide data available; these data are being 
estimated. 

An interim report on the model development and calculations has been prepared and will 
be issued by the due date. 

C.3 Validation experiments (Task 3) 
Two types of validation experiments are to be performed in this task to assess the models 
used for the multi-component systems. The first involves the measurement of the extent 
of release of species from a simulated core melt at high temperature. Experimental data 
from other projects in the Fourth Framework Programme will also be used to validate the 
models. The second type will investigate the release of silica aerosol from fused mixtures 
of silicate and simulant core melts and characterise their interaction with the fission 
product simulants in the vapour phase. 

Preliminary studies for mixtures containing various ratios of Si:Si02, Si:CaSi03 and 
Zr:CaSi03 have been completed. The powdered mixtures were heated to temperatures 
between 1500-1600°C for periods of 5-11 minutes in flowing helium gas. After each test 
any mass loss from the sample was determined and the filters inspected using a Scanning 
Electron Microscope to establish if any aerosol was transported by the gas flow. 

The results from these tests clearly demonstrate the volatility of silica, as SiO(g), and its 
sensitivity to melt composition. In the absence of reducing agents, little vaporisation of 
silica occurs, however, in the presence of Si copious quantities of aerosol are generated. 
The silicate (CaSi03) did not reduce as readily in contact with the metal powder as silica 
and hence less aerosol was formed. Differences between tests also occurred as a function 
of the reducing agent (Si or Zr), however, further studies are required to examine this 
effect. When aerosol was generated it formed complex agglomerates with chainlike 
structures and average primary particle size of ~0.1 firn diameter. Particles in this size 
range are most persistent and likely to remain gasborne for long periods of time. 
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Thermodynamic calculations have also been performed to investigate the trends in the 
amount of aerosol released during the experiments performed and these were found to be 
in broad agreement with those in the experiments. For example, it has been shown that 
Si will reduce S i0 2 to form SiO(g), whereas CaSi0 3 is more stable in the presence of Si or 
Zr. Temperature is also a very important parameter influencing the amount of SiO(g) 
predicted to be formed. 

C.4 Sensitivity studies Task A) 
The studies are based on a coupling of thermochemical methods to calculate equilibria 
(CHEMSAGE code) and the kinetic parameters describing the diffusive and convective 
transport (PJELOS code). This approach has been developed to study the uncertainty, for 
various boundary conditions, in the predicted release of radiologicaUy relevant fission 
products from melt pools and the distribution of heat-generating radionuclides between 
metallic and oxidic melt phases. 

A pure substance thermochemical datafile was compiled to perform the equiHbrium 
calculations for the sensitivity study of the input boundary conditions and to provide the 
input data for mechanistic calculations with the RJELOS code. Exploratory calculations 
have been performed to check the data and to identify inconsistent results. 

The vaporisation release of fission products from the corium melt into the gas atmosphere 
above is dependent basically on the composition of the upper layer in the pool. 
Experimental observations show, that a core melt containing metallic and oxidic phases 
may undergo a rapid, density driven phase separation. Thus, possible melt stratification 
phenomena during the MCCI phase as well as within spreading area scenarios have been 
analysed. Possible mechanisms that may suppress the stratification process are also 
considered, for example, natural convection processes in pools, sparging of gas bubbles 
from the concrete during MCCI. 

The distribution of fission products between these phases is also under investigation and is 
dependent on their chemical forms in the melt pool, which is determined by the oxygen 
potential of the system. Fission products in the upper layer of the molten pool can be 
transported directly from the pool surface into the gas atmosphere above whereas the 
release of fission products in the lower pool layer may be inhibited by the layer above. 
Thus, the calculation of fission product release from the pool surface into the atmosphere 
requires the coupling of the analysis of the stratification of the melt phases and the fission 
product distribution between them. In order to reduce the number of fission products 
which have to be taken into account for molten pool source term considerations, the 
most important radiological relevant fission products have been identified based on the 
annual limit of intake and the total core inventory of each fission product. 
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Β.2.2.-1 Investigations on the phenomenology of ex-vessel core-melt behaviour - COMAS 

Contract No: FI4S-CT95-0003 Duration : 1 Dec. 1995 - 31 May 1999 
Coordinator : Dr. W. Steinwarz, Siempelkamp Krefeld/DE 

Tel.:+49-2151-894290 - Fax.:+49-2151-894345 
E-mail: Siempelkamp@t-online.de 

Partners : Ansaldo Finmeccanica Genova/IT, Battelle Eschborn/DE, Univ. 
Aachen/DE, Siemens-KWU Munchen/DE 

A. OBJECTIVES AND SCOPE 
The integrity of the containment must be ensured during a wide range of severe accident 

sequences. For new reactor designs this goal can only be achieved if strategies and technical 
solutions (core-catchers) will be implemented which guarantee long-term stabilization and 
cooling of a molten core. Since such solutions necessarily involve ex-vessel core-melt relocation 
processes, the theoretical and experimental investigation of such processes is an important topic 
of research. Consequendy, the involved large-scale spreading experiments are fully in-line with 
actual scientific needs. 

B. WORK PROGRAMME 
The project is divided into five main work packages : 

B.l. Pre-tests 
Small-scale corium tests are carried out in an induction furnace in order to gain 
experience, clarify boundary conditions and check measuring devices (Siemens) 

B.2. Facilities and Spreading tests 
The experiments are carried out in the CARLA plant being used for the melting of 
radioactively contaminated metallic materials. For adaptation to the specific 
experimental boundary conditions, certain modifications with respect to additional safety 
equipment are implemented. 
A large-scale spreading facility with adequate instrumentation has been developed and 
constructed. Eight experiments up to 3Mg of prototypical corium melts containing both 
a metallic (Fe) and an oxidic (UZr02-x) phase are being performed. Such mixture are -
in respect to composition and temperature - similar to the corium expected at the time of 
RPV-failure in a PWR core-melt accident. The experimental programme investigates 
the spreading behaviour of molten corium, and its interactions with different surface 
materials. (Siempelkamp). 

B.3. Instrumentation and measurement 
The instrumentation and the recorded data focus mainly on the parameters of the melt 
(temperatures up to 2200°C, viscosity, density and composition), the spreading 
behaviour of the melt and the behaviour of the furnace (Battelle). 

B.4. Material investigations 
Solidified test specimens are being analyzed in order to determine among others the 
influence of melt parameters on the composition and structure of the melt as well as the 
formation of eutectica! corium phases (Univ. Aachen, Siemens). 

B.5. Theoretical work 
The experimental data are used for verification of the computer codes, i.e. engineering 
models or numerical models as CORFLOW and MELTSPREAD (Ansaldo). 
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C. Progress of work and results obtained 
Summary of main issues 

The COMAS-EU tests performed so far, have demonstrated that the technical objectives of 
the project can be met. The first-performed, medium-scale pretests EU-1 and EU-2 yielded 
valuable information on the identification of reference substrata, and on safe and effective 
procedures for melt generation and pouring. 

Based on this information, the large-scale test COMAS-EU 4 could then be performed 
sucx^sfully. This test provided data for code verification and also highlighted phenomena that 
characterize the 2D-spreading of prototypic core-melts. The experiments performed so far 
confirm the results of earlier simulant material tests, namely that - with superheated melt of 
high enough flow rate - a uniform spreading and a clear separation of phases can always be 
achieved if only the average thickness of the spreaded melt will exceed a certain limit, being in 
the range of a few centimeters. 

The pre- and post-calculations using the codes CORFLOW and MELTSPREAD-1 have 
pointed out some key phenomena which need further investigation and code improvements. 

C.l Pretests 
Two first spreading ID-tests, so-called pretests, with inactive materials were performed, 

both using one short 4 m spreading course, in order to check the experimental facilities for the 
real corium experiments. 

In the PRETEST EU-1 350 kg molten iron on a temperature level of roughly 2000°C was 
spread over a 4 m concrete course. Concrete was chosen as substratum for covering the worst 
conditions with respect to steam and aerosol production, clearly detected during the spreading 
process as consequence of intensive melt-concrete interactions. 

In the second test-run (PRETEST EU-2) a rnixture of 560 kg molten iron and inactive 
oxide material (Zr02, Fe203, Cr203) with an oxide portion of approx. 10 % was spread over 
the 4 m course with a ceramic based substratum (mainly AL03). The rnaximum measured melt 
bath temperatures were in the range of 2000°C. 

Measured melt front velocities were in the order of 1 m/s. Remarkable is the reflection 
behaviour at the end of the spreading channel. In both cases a significant wave propagation 
opposite to the mcorning melt front could be detected. 

C.2 Facilities and spreading tests 
For the COMAS experiments, the equipment of the CARLA plant (Figure 1) has been 

especially adapted to the ultra-high-temperature regime (> 2000°C instead of < 1600°C during 
normal melting procedures). Together with a manufacturer a newly developed material on 
Zr02-basis was prepared as furnace liner substituting the normally used AI2O3- or MgO-lining 
material. 

Special emphasis was laid on the development of high quality W/Re-thermocouples for 
prolongation of the measurement period and therefore improvement of the signal accuracy. By 
the installment of totally three IR cameras the efficiency has been further enhanced. 
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Figure 2 shows the experimental arrangement for the 2D-spreading test COMAS EU-4 
with cast iron as substratum. Due to symmetry reasons the real area of approx. 15 m2 can be 
analytically expanded to an effective spreading area in the order of 30 m2 equivalent to a 1:6 
scaling of the present EPR design. The melt is heated up within the induction furnace and then 
poured into an intermediate basin. By lifting the plug system the melt is transferred to the 
spreading course with a maximum length of approx. 8 m. 

As first of the planned large-scale experiments the 2D-spreading test COMAS EU-4 was 
performed. 2.2 Mg Corium R (composition see Table I) was heated up to 2175°C within the 
induction furnace. With a spreading temperature of approx. 2050°C, a spreading length of 
about 6.5 m along the direct line was reached (Figure 3), the front velocity started with 
approx. 2 m/s and held an average value of 1 m/s before solidification. 

C.3 Instrumentation and measurement 
In all three spreading tests the mass rate for the spreading process was measured via 

continuous weighing of the intermediate basin by means of force transducers. 
Spreading velocity was monitored by use of IR cameras, a set of up to five video cameras 

and additionally by a system of burn wires immersed into the spreading course. These 
„thermocouples" generate a signal when hit by the melt front and are destroyed shortly after. 

Ni-Cr-Ni thermo-couples were embedded in the substrata in different depth levels to 
measure the instationary temperature field and, thus, determine the heat transfer from the melt 
to the substratum. 

C.4 Material investigations 
In order to determine the metallurgical structure and composition of all relevant materials 

samples taken during the process steps melting and pouring as well as after spreading by taking 
solidified test specimens have been analysed. Micro range analysis with the scanning electron 
microscope (SEM) and the attached X-ray micro analysator (EDX) were carried out for 
selected specimens. In addition, X-ray diffraction was performed to examine segregation 
effects of oxidic and metallic phases and by that determine the concentration of relevant 
elements with atomic numbers Ζ > 4 and a detection limit of < 0.2 wt.%. 

In all cases the results of these examinations confirmed the mass balance and therefore the 
O/M-ratio. For the COMAS EU-4 test post-test examination of the solidified melt revealed a 
clear vertical separation between the metallic (bottom) and oxidic (top) phases. This is a 
noteworthy result, since the difference in densities was small (< 0.3 Mg/m3) and solidification 
occured quickly. No oxidic phases could be found between the metallic layer and the surface of 
the substratum. 

C.5 Theoretical work 
The pre- and post-calculations using the numerical codes CORFLOW and MELTSPREAD-

1 showed some deficiencies in the model assumptions. For further development of the 
CORFLOW code implementation of multi-component fluids, turbulence models and crust 
formation has to be required. For the improvement of the MELTSPREAD-1 code the inclusion 
of the internal term at the spreading channel inlet has been identified. For both codes the melt-
to-substratum heat transfer model needs assessment with view to the test data. 
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Table 1 : Reference composition of prototypic Corium R 

Corium R 
UO2.X 
Zr02 
FeO 
Cr203 
Fe 

29 wt. 
12 wt. 
18 wt. 
2wt. 

39 wt. 

-% 
-% 
-% 
-% 
-% 

high oxygen level 

Main data: 
Inventory 
Frequency 
Power Input 

3.2 Mg 
300 - 500 Hz 
2 MW 

Max. Temperature 
Melted Mass 
Melting Capacity 

«2200°C 
10000 Mg 
2000 kg/h 

Figurei: CARLA Facility 
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Figure 2: 2D-arrangement for corium spreading 

Figure 3: Spread corium R after the COMAS EU-4 test 
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B.3.1-1 Fission product release and speciation - RSP 

Contract No: FI4S-CT95-0006 Duration: 1 Feb. 1996-31 May 1999 
Coordinator: B. R. BOWSHER, AEA Technology pic, Dorchester/GB 

Tel. +44/1305202580 Fax: +44/1305202663 e-mail: brian.bowsher@aeat.co.uk 
Partners: CEA Cadarache/FR, ENEA Roma/IT, Universität Stuttgart/DE, JRC-ISIS 

Ispra/EC, Univ. Ruhr Bochum/DE 

A. OBJECTTVES AND SCOPE 
The overall objective of this project is to provide a database on the chemical identities 

(speciation) and kinetics of release of fission products evolved from irradiated fuel during a variety 
of severe reactor accident conditions. This experimental work will be integrated with theoretical 
studies to test capabilities in this area. 

The chemical forms of fission products evolved from fuel during a severe accident will 
determine the radioactive source term to the containment and environment in terms of the volatility 
of fission products (eg. molecular iodine is far more volatile than caesium iodide), possible vapour 
reactions (eg. production of reactive caesium hydroxide compared with non-reactive caesium 
borate), and the nature and size distribution of any aerosols formed. However, because of the high 
temperatures involved and activities of irradiated fuel samples, few direct measurements have been 
recorded. 

Therefore approximately 10 experiments are proposed to examine the release of fission 
products and other reactor materials from highly-irradiated fuel heated under a range of 
atmospheres to temperatures up to 2000°C. Mass spectrometry will be used to quantify the release 
rates and chemical forms of the major fission products. This technique will be supported by 
gamma-ray spectroscopy and thermal gradient tube/aerosol analysis methods to provide additional 
data. The main variables of the experimental programme will be the maximum temperature and 
rate of increase, pressure (from near-vacuum to 1 bar), oxygen potential (including steam, air and 
hydrogen - in particular a number of experiments will be conducted under oxidizing conditions 
where the available data are limited), and the effects of fuel, cladding and other core materials. 

These experiments will be integrated with theoretical analyses in order to test and validate the 
fission product release codes. In this manner, the on-line results from the project can be compared 
with Phebus-FP data and other complementary separate-effect studies (eg. HEVA/VERCORS), 
where emphasis is placed on post-test analyses of aerosol deposits. 

Specific objectives from this programme are to establish an experimental database on fission 
product release and speciation - notably for releases in oxidizing atmospheres, to test theoretical 
models for fission product release, and to validate thermochemical models used in state-of-the-art 
severe accident codes. This work will closely complement the Phebus-FP studies, providing 
separate-effects data with which to interpret these key integral experiments. 

B. WORK PROGRAMME 
B.l. Definition of the Test Matrix (Task 1) 

The test matrix will be finalized by AEAT, CEA and JRC in conjunction with the other 
partners. 
B.2. Experimental Work (Task 2) 

The work will comprise scoping and sensitivity studies, oxidation studies and studies in 
support of PHEBUS-FP, and will be carried out by AEAT. 
B.3. Code Analysis (Task 3) 

This Task will be carried out by all partners. 
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C P R O G R E S S OF W O R K A N D R E S U L T S O B T A I N E D 

Summary of Main Issues 
T h e Fission Product Release and Speciation project has begun on schedule. T h e main 

activities have included definition of the test matr ix, commissioning tests with the time-of-
flight mass spectrometer and associated hardware, and pre-test calculations using a number of 
fission product release codes. 

The programme will provide an understanding of fission product release from fuel in terms of 
both the rate (kinetics) of release and chemical identities (speciation) of the evolved fission 
products. This work is built around a test matrix of 10 or 11 experiments to follow fission 
product release from samples of irradiated fuel. These experiments are designed to provide a 
detailed understanding of the important processes affecting fission product release and 
speciation. In particular, the work will address the effects of temperature , pressure, oxygen 
potential, and other reactor materials on the release processes. These experimental studies are 
integrated wi th modelling work to test the fission product release and transport codes. In 
particular, the unique data generated on fission product speciation will allow the 
thermochemical models used within state-of-the-art codes to be tested and hence reduce major 
uncertainties in the source tenn. These studies closely complement the current Phebus-FP 
programme and also involve comparison with o ther related separate-effect studies. 

The unique Fission Product Release and Speciation facility is at the heart of this project. This 
facility has been designed to determine the identities of chemical species present at high 
temperatures by conducting in-situ measurements. The main purpose of the facility is to 
characterise the vapour-phase species released from high burn-up fuel under a range of reactor 
accident conditions, although it is possible to study a diverse range of h igh- tempera ture vapour-
phase systems. U p to 100 grams of highly irradiated fuel can be heated. T h e design of the 
facility is modular and the main features of the system are described below: 

1. a precision fornace capable for attaining temperatures up to 1600°C, wi th plans to 
extend this to 2000°C in the next year; 

2. provision for a range of atmospheres of different compositions; 

3. a pressure reduction system that enables the vapour-phase species to be sampled on-line 
and at ambient pressure; 

4. a Jordan reflectron time-of-flight mass spectrometer that combines sensitivity with 
scanning of the full mass range of species of interest; 

5. fast data scanning and acquisition to optimise on-line measurements; 

6. t ime-dependent sampling of material for analysis using γ-ray spectroscopy; 

7. containment in a shielded high-active cell to enable handling of highly active samples. 

Unlike a conventional quadrupole mass spectrometer, the state-of-the-art reflectron time-of-
flight instrument has the benefit of being capable of scanning the whole mass range of interest, 
rather than measuring the intensity of pre-selected peaks in the spectrum. Therefore this 
feature, combined with comparable sensitivity, makes it less likely that impor tan t species will be 
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omitted from the measurements. The flexibility of the system is such that it can be readilv 
adapted to accommodate samples of different geometry. 

As described below, an extensive commissioning programme has been conducted. The mass 
spectrometer is now fully operational and it is planned to install the facility within a cell later 
this year so that experiments with high burn-up fuel can begin. 

C.l Definition of the Test Matrix 
A provisional matrix of experiments has been produced [1] and was discussed at the first 

meeting of the Project Group, held at Winfrith on 21 May 1996 [2]. The provisional test 
matrix is listed in Table I, and has been discussed in more detail elsewhere [1]. It comprises 11 
experiments to be conducted in which the following variables will be studied: 

(i) maximum temperature and rate of temperature increase, 

(ii) pressure (from near vacuum up to 1 bar), 

(iii) oxygen potential (a range of atmospheres to be studied including steam, 
hydrogen and air), 

(iv) effect of fuel, cladding and other core materials (initial experiments to be 
conducted with unclad fuel, studies to increase in complexity to study the effects 
of Zircaloy cladding, control rod alloy, boric acid and stainless steel). 

The initial experiments will be relatively simple, to assess the influence of atmosphere, pressure, 
temperature and cladding. These will be followed by experiments conducted in oxidising 
atmospheres (ie. C 0 2 and air), whilst the final experiments will be performed under a variety of 
conditions pertaining to an accident in a PWR. The later tests will also be higlily relevant to 
some of the Phebus-FP experiments, and will be performed under similar conditions. The 
matrix is flexible and expected to evolve during the course of the project in order to meet the 
requirements of the various fission product release models. Comments on the test matrix have 
been received from all the partners in the Project Group [3,4], and these will be taken into 
account, particularly with respect to the nature of the later experiments. It is envisaged that this 
will be a continuous process that will allow the test matrix to evolve and produce data that are 
of maximum benefit to model development. 

C.2 Experimental Work 
Initial effort was concerned with preparation of the mass spectrometer facility prior to in­

celi installation. The mass spectrometer is fully operational, and a series of commissioning tests 
is nearing completion. The initial phase involved a number of alignment tests and handling 
trials, whilst the second phase of the commissioning programme comprises a number of 
different experiments that are designed to test the performance of the system in tenns of 
sensitivity and resolution, and also provides an opportunity to mimic the in-cell experiments. 
The commissioning tests can be summarised as follows: o 

• experiments with gas mixtures (eg. air, inert gases) 
experiments with single fission product sources (eg. Csl, CsOH), 
experiments with complex systems (eg. simulant fuel, control rod material etc) 
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T h e aim of the experiments with complex systems is to simulate the experiments to be 
conducted in-cell wi th highly irradiated fuel. It is intended to conduct these experiments 
th roughout the programme, using a non-active duplicate configuration. T h e results will 
provide information on the sensitivity of the system, and highlight any potential problems with 
the in-cell experiments. The results to date provide confidence that the required sensitivity and 
resolution will be achieved to follow the kinetics of fission product release. 

Experiments have been conducted using simulants not only to determine the sensitivity and 
resolution of the instrument, but also to assess the deposition of fission products throughout the 
apparatus. Work has also been conducted to optimise the molecular beam produced in the 
instrument, with particular emphasis on the orifice design etc. Some problems were 
encountered with the data collection system, resulting in reduced sensitivity. T h e next stage of 
commissioning will involve examination of a more extensive range of simulant fission product 
species, and simulant fuel. T h e system will then be installed in-cell. 

T h e parallel preparations for installation of the system in an active cell have also continued. 
T h e decontamination and re-commissioning of an existing cell are nearing completion. 
Various systems for in-cell operation have been designed and are currently be ing manufactured. 
These include a new set of vacuum chambers, that incorporates provision for bo th cumulative 
and t ime-dependent γ-ray spectroscopy measurements, and apparatus for remote alignment. 

C .3 Code Analyses 
Pre-test calculations have commenced using a number of codes. These calculations will 

enable the experimental programme to focus on specific phenomenon and processes, and hence 
produce highly usesful data. T h e work has progressed well, and is important as it aids wi th the 
definition of the experiment test matrix. T w o approaches have been used: assessment and 
model l ing of the results of previous experimental programmes, and calculations based on the 
experimental conditions listed in the initial test matrix. The results of both types of exercise 
will be used to identify key uncertainties, which will in turn aid in focusing the experimental 
p rogramme. Calculations have been conducted with ELSA, V I C T O R I A , F I P R E M / R E S and 
R E L O S / C H E M S A G E , with analyses of PBF-SFD, Phebus-FP and SASCHA tests, as well as 
the experimental conditions proposed for the current programme of experiments . 

For example, a series of V I C T O R I A calculations has been performed using code version 
v92 .01 to investigate the fission product release characteristics for some of the tests currently 
proposed (ie. role of inert (helium), reducing (steam/hydrogen), and oxidizing (air) 
environments) . T h e key results for a 90% steam-10% H 2 atmosphere using peak final 
temperatures of 1200°C, 1600°C and 2000°C are given below [4]. 

T h e elemental release fractions of the noble gases, caesium, and iodine are similar to those 
predicted for the inert carrier gas calculations with the exception that the release of caesium at' 
1200°C is an order of magnitude less under s team/hydrogen conditions. At the lowest 
temperature the dominant caesium vapour species is predicted to be caesium iodide, with 
caesium hydroxide concentrations being of the order a factor of 2 less. At higher temperatures 
the importance of caesium hydroxide increases and, at 2000°C, it is predicted to be more than 
t w o orders of magnitude greater in concentration than caesium iodide. Elemental caesium is 
predicted to account for ~10% of the release at 2000°C. 

T h e dominant iodine vapour species is predicted to be caesium iodide with equal contributions 
(—10%), at the lowest temperature, from hydrogen iodide and elemental /molecular iodine. 
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The importance of elemental/molecular iodine is predicted to increase with temperature and, 
at 2000°C, the contribution from this species is ~30-40% towards the end of the test. 

Tellurium release from the fuel is predicted to be strongly dependent on temperature with less 
than 0.05% being released at 1200°C and -27% at 2000°C. For the first -70 minutes of the 
calculation for the low temperature scenario, the highest tellurium vapour concentration is 
predicted to be that of tin telluridc which is an order of magnitude greater than the vapour 
pressure of elemental tellurium, this order is reversed towards the end of the test. As the test 
temperature is increased, other tellurium vapour species are favoured and the relative 
importance of tin telluride decreases; tellurium oxides, antimony telluride and hvdrogen 
telluride fall into this category. The fonnation of tellurium iodides and iodates is not predicted 
to be significant under these test conditions. 

The releases of barium and strontium are predicted to be reduced by a factor of—2 at 2000°C 
and by a factor of—40 at 1600°C compared with the predicted releases under inert conditions. 
Small amounts ( 5 x 1 0 - 2 χ 10J%) of molybdenum are predicted to be released. The 
behaviour of molybdenum is predicted to be complex with more being released at 1600°C 
than at cither of the other two temperatures. The fonnation of caesium and barium 
molybdates is predicted. 

The results of all the code analyses have highlighted some important areas of uncertainty, which 
will be addressed in the experimental progranune. 
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Table I: Preliminary fission product release and speciation test matrix 

Test 

RSP­01 

RSP­02 

RSP­03 

RSP­04 

RSP­05 

RSP­06 

RSP­07 

RSP­08 

RSP­09 

RSP­10 

RSP­11 

Fuel Source 

UOVunclad 

UOVunclad 

UOVunclad 

UOVunclad 

UOVclad 

UOVunclad 

UOVclad 

UOVclad 

UOVclad/ 

control rod 

UOVclad/ 

control rod 

UOVclad/ 

control rod/ 

boric acid 

Atmosphere 

Vacuuin 

Inert 

coyco 

coyco 

coyco 

Air 

Air 

Air 

As FPTÙ: Low 

H­,:HiO ratio 

AsFPTl:Lo\v 

Η-,:ΗΌ ratio 
As FPT2: Low 
H 2 :H 2 0 ratio, 
then H-> 

Final 
Temp 
(°C) 

600-1200 

600-1200 

1000 

1200 

1400 

600 

1000 

1600 

200(i 

2000 

20(i0 

Heat-up Rate 

ramped temp 
staircase 
rampted temp 
staircase 
ramp to 
isothermal 
ramp to 
isothermal 
ramp to 
isothermal 
ramp to 
isothermal 
ramp to 
isothermal 
ramp to 
isothermal 

As FPT0 

As FPT1 

AsFPT2 

Comment 

Scoping expeirments - effect of 
atmosphere, pressure and 
temperature 

Primarily G C R experiments, but 
potential to provide data 
on oxidizing conditions for 
PWRs 

Transient accident and air ingress 
experiments (explore role of 
U j O s formation on fp release) -
relevant to Phebus-FPT-5 
Above critical tempertaure for 
UjOg - impact of volatile fp 
oxides - relevant to 
Phebus-FPT-5 
Simulation of Phebus-FPTO (but 
with hiçhlv-irradiated fuel) 
Simulation of Phebus-FPTl 
(oxidising conditions) 
Simulation of Phebus-FPT2 
(oxidising then reducing 
conditions plus boric acid) 
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B.3.1-2 Revaporisation of tests on samples from PHEBUS fission products - RVP 

Contract No: FI4S-CT96-0019 Duration: 1 May 1996 - 31 Aug. 1999 
Coordinator: B. R. BOWSHER, AEA Technology pic, Dorchester/GB 

Tel. +44/1305202580 Fax: +44/1305202663 e-mail: brian.bowsher@aeat.co.uk 
Partners: JRC-ITU Karlsruhe/EC, VTT Espoo/FI 

A. OBJECTIVES AND SCOPE 
At a late stage of a severe accident in a light water reactor, fission products deposited initially 

in the reactor coolant system may experience increasing temperatures, due to heat transfer from the 
surrounding gas or radiating corium, or due to their own decay heat, leading to revaporisation. 
Revaporisation could become risk dominant if the containment is breached at this time and offers 
little attenuation to the source term. This phenomenon has been identified as a significant 
uncertainty in various probabilistic rise assessments and sensitivity studies. Addressing this key 
issue has become an internationally recognised priority. 

The Phebus-FP experiments carried out by CEA/IPSN at their research centre at 
Cadarache/France provide a unique opportunity to acquire samples of real deposited fission 
products from irradiated fuel. This allows to investigate revaporisation in a supporting laboratory 
study under realistic conditions. 

In order to carry out these investigations, the following work is being performed under this 
experimental programme : 

- recovery of circuit portions from the Phebus-FPTl test, 
- characterization of the initial state of the deposits, 
- revaporisation of the deposits, 
- measurement of the simple kinetics of the revaporisation (weight change as a function of 

time,) 
- characterization of the secondary deposits and the final state of the original deposits and, 

hence, characterization of the physics and chemistry of the emission. 
This work is being supported by separate-effects tests to quantify the revaporisation 

phenomena and provide data from simple cases (both inactive and radiotraced samples) to interpret 
the releases from the more complex Phebus-FP samples. 

B. WORK PROGRAMME 
B.l. Separate-Effects Studies (Task 1) 

The simulants studies will be made by AEA Technology; VTT and the JRC are responsible 
for the radiotracer studies. 
B.2. PHEBUS-FPT1 Studies (Task 2) 

This Task comprises Knudsen cell and thermal gradient tube studies and will be carried out 
by all partners. 
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C. Progress of work and results obtained 
Summary of main issues 

The Revaporisation Project has commenced as scheduled. Separate-effects experiments 
involving simulants have begun, and will provide a basis for interpretation of the 
revaporisation results from Phebus-FPTl samples. Early tests have concentrated on the 
interaction and revaporisation of CsOH with stainless steel at high temperatures and at various 
oxygen potentials typical of those during a severe accident. Specimens have been analysed by 
Knudsen cell mass spectrometry, secondary ion mass spectrometry (SIMS) and scanning 
electron microscopy with dispersive x-ray analysis (SEM-EDX). In addition, thermal gradient 
tube apparatus, and its associated aerosol measurement systems, is being designed, built and 
tested for use in revaporisation studies of radiolabelled simulants and the Phebus-EPT-1 
samples. The Phebus-FPT-1 test has now taken place and samples for the revaporisation 
experiments will be supplied to the project as scheduled. 

The first meeting of the Project Group took place in Aix-en-Provence on 26 September 
1996 [1], and a six-monthly Project Progress Report covering the period 1 May to 31 October 
1996 has been issued [2]. Close interactions have taken place with the related Concerted 
Action concerned with comparing the modelling of revaporisation. 

C.I Separate-Effects Studies 
The work involving fission product simulants has concentrated on the revaporisation of 

caesium. Thermal reaction tube apparatus has been set up and calibrated for a range of carrier 
gases: 4%H2-argon, pure argon, and 4%H2-argon with either 3%, 16% or 50% steam added. 
CsOH was vaporised at about 500°C into flowing gas and carried downstream to react with 
304 stainless steel foil at 900°C. After deposition, Cs was revaporised by gradually re-heating 
the specimen (up to approximately 1400°C) in a mass spectrometer, either in the Knudsen cell 
or in a non-equilibrium configuration. Results indicate that the oxygen partial pressure and 
steam content of the gas during Cs deposition have no major effect on the Cs revaporisation 
characteristics, at least for the range of gases studied. The Cs release rate above 800°C was 
controlled by kinetic factors and kinetic rate constants for the release have been calculated 
between 800-1250°C. SIMS depth profiling prior to revaporisation has shown that the oxygen 
partial pressure during deposition influences the Cs concentration profile within the surface 
oxide. In another series of experiments, CsOH was deposited on stainless steel at 900°C in the 
thermal reaction tube in various carrier gases, and then revaporised in a second similar 
apparatus at 1100°C, in an environment with the same or a different oxygen potential. Atomic 
emission spectroscopy (AES) showed that most of the Cs deposited at 900°C had been 
revaporised after one hour at 1100°C, independent of the. carrier gas used during deposition or 
revaporisation. 

Two identical thermal gradient facilities are being prepared, one for use with synthetic 
radiolabelled samples, and the other for analysis of Phebus-FPTl samples. A revaporisation 
measurement system and a test procedure have been designed that will optimise the accuracy 
of fission product vaporisation rate measurements. Particular care has been taken to produce 
test conditions close to those expected in a severe accident. The system will be operated as 
follows during the separate-effects tests. Synthetic radiolabelled samples will be put on 
oxidised stainless steel sample plates. These plates will be placed in the tube furnace over the 
second heating element. The vaporisation rate, which coincides with decreasing activity of the 
sample, will be measured from outside of the furnace with a germanium-gamma detector. 
Samples will be vaporised in a pure steam atmosphere at slightly under normal pressure. 
Downstream of the furnace, the gas flow will be cooled in a diluter with room temperature air. 
The fission product vapours will form aerosol particles during the cooling process, which will 
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be collected in a particle filter. Any remaining gaseous iodine will be collected in active carbon 

filters. Before proceeding with the actual test programme, pre-tests are being conducted with 

inactive materials. 

C.2 PHEBUS-FPT1 Studies 

There has not yet been time to prepare and transport the vertical Phebus-FPTl test samples 

to the participating laboratories. Once Phebus-FPTl samples are available, revaporisation will 

take place in the thermal gradient apparatus described above. Sophisticated analytical 

techniques, such as γ-spectroscopy, inductively coupled plasma mass spectroscopy (ICP-MS), 

inductively-coupled plasma optical emission spectroscopy (ICPOES), x-ray diffraction (XRD), 

SEM-EDX, particle recognition and characterisation (PRC), electron microprobe analysis and 

SIMS, will be used to characterise the Phebus-FPTl samples before and after revaporisation. 

Phebus FPT1 specimens will also be studied by Knudsen cell mass spectrometry. Deposits of 

single compounds or simple mixtures on stainless steel surfaces will be tested for comparison 

with the Phebus samples, and with the separate-effects studies. 
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B.3.2-1 lodine Chemistry - IC 

Contract No: FI4S-CT95-0005 Duration: 1 Jan. 1996 - 31 Dec. 1997 
Coordinator: S. DICKINSON, AEA Technology pic, Dorchester, DT2 8DH, GB 

Tel.+44/1305202855 Fax:+44/1305202663 e-mail: sMrley.cuckirison@aeat.co.uk 
Partners: CEA Cadarache/FR, Siemens AG Erlangen/DE, JRC-ISIS Ispra/EC, NNC 

Ltd Knutsford/GB, rVO Vantaa/FI, CIEMAT Madrid/ES 

A. OBJECTIVES AND SCOPE 
Iodine is one of the most important fission products which would be released in the event of a 

severe reactor accident. Plant assessments have shown that it contributes significantly to the source 
term for a range of accident scenarios. However, the considerable differences between the iodine 
behaviour observed in Phebus Test FPTO and that predicted by containment chemistry calculations 
indicate that the current models do not correctiy treat all of the phenomena that could be important 
in a reactor accident. In particular, the presence of a large quantity of silver aerosol appears to 
influence very strongly the volatility of iodine from solution. This could have important 
consequences for aai ve and passive safety measures and for accident management strategies. 

To help clarify the phenomenology, and to increase confidence in the modelling of iodine 
behaviour in containment, an integrated programme of experiments and analysis is proposed 
involving the key European laboratories working in the field. This project will focus on 
understanding and quantifying the effects of silver on iodine behaviour, providing new 
experimental data that will be used to .validate and improve the existing models and to stimulate 
code development. 

The objectives of this project correspond to issues related to analysis of ex-vessel fission 
product behaviour. The work carried out should help to solve these high-priority issues. 

B. WORK PROGRAMME 
B.l. Experimental Studies (Task 1, CEA, AEA Teen.) 

Measurement of the rate of uptake of aqueous iodine onto silver particles in the absence of 
radiation. Investigation of irradiation induced effects including nitric acid formation and radiation 
stability of Agi on a silver surface. Experimental studies of iodine radiolysis at high temperature, 
focusing on the effects of silver on iodine volatility under irradiation. 
B.2. Assessment, Analysis and Model Development (Task 2, lead organisation: AEA Techn.) 

Assessment and analysis of new and existing data on iodine interactions with silver, leading to 
the development and incorporation of a suitable model into iodine chemistry codes (INSPECT, 
IMPAIR, IODE and ACT-WATCH). 
B.3. Reactor Source Term Evaluation (Task 3, lead organisation: NNC) 

Reactor calculations to evaluate the effects of the model developments on source term 
calculations. 
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C. Progress of Work and Results Obtained 
^ — 

Summary of Main Issues 

The project progress to date is in line with the milestones defined in the contract. The 

literature review (Task 2.1) and definition of experimental results (Task 1.0) have been 

completed and reports issued. Experimental studies of nitric acid formation and silver 

iodide stability under irradiation (Task 1.2) have also been completed and data reports 

issued. Experimental studies of iodine­silver reaction kinetics (Task 1.1) and iodine 

radiolysis (Task 1.3), and analysis of the results (Task 2.2) are underway. 

C.l Experimental Studies 

Task 1.0: The range of conditions to be used in the experimental programmes have 

been defined, based on the results of the Phebus­FPTO test. 

Task 1.1: An experimental programme is underway to quantify the kinetics of the 

reactions of I, and I with silver surfaces. The I, ­ Ag reaction is very rapid and may be 

mass transfer limited under the conditions of these experiments. The experimental 

results fit well to a pseudo­first­order kinetic law, with a rate constant of 1.3x10" m s" 

at room temperature. (Figure 1) 
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Figure 1: I2 ­ Ag React ion Kinetics 

The I ­ Ag reaction is much less rapid, with an apparent first order rate constant of 

3x10 m s at pH 4.6 and 90°C. The reaction is slightly slower at higher pH, as shown 

in Figure 2. Different reaction behaviour is observed depending on whether the silver 

is present as fine mesh or particles (Figure 3); the reasons for this have not yet been 

established. 
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