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Abstract

On April 26th 1994, the European Union (EU) adopted via a Council Decision a EURATOM
Multiannual Programme for community activities in the field of Nuclear Fission Safety (NFS) Research for the
period 1994 to 1998. An area of work having, as an objective, to "explore innovative approaches" to improve
the safety of future and existing reactors, was introduced in this programme. Most of the projects selected in this
area, which have been grouped under a common cluster known as "INNO", are currently being carried out on a
"cost-shared" basis, i.e. contribution of the European Commission is up to 50% of the total cost. At present, the
"INNO" cluster is composed of 10 projects in which 25 different organisations, representing research centres,
universities, regulators, utilities and vendors from 7 EU member states and Switzerland, are involved. These
projects are proving to be an efficient means to gain the necessary phenomenological knowledge and to solve
the challenging problems, many times of generic nature, posed among others by the characteristically small
driving forces of the systems studied and by the lack of really prototypical test facilities.

1. INTRODUCTION

During the last ten years considerable activity has been developed by the main actors
of the nuclear power plant business, namely the research organisations, the suppliers, the
regulatory authorities and the electrical utilities, in their attempts to design the next generation
of commercial reactors. The concepts being studied span the technological range from
"evolutionary" type (i.e., many of the new design features are simplifications and
improvements in safety systems of currently operating power reactors) through "innovative"
type (i.e. radical conceptual changes in design approaches or system configuration are
incorporated).

In the European Union (EU), these designs share two basic common goals: (i) to
demonstrate that the cost of generating power from the future nuclear power plants will be
competitive with alternative electricity sources, and (ii) to enhance the safety of the plants
such that the chances of an accident are further reduced and that no stringent off-site
emergency response actions (i.e. prompt evacuation, resettlement, etc.) will be necessary.

Some of these new designs include the use of "passive" systems which rely on
immutable natural forces (e.g. gravity, natural circulation, etc.) for the essential safety
functions. The characteristically small driving forces of some of these safety features as well
as the long-duration, slowly-developing transients compared to current reactor designs, pose
challenging problems from both experimental and analytical points of view, which often
require complex and expensive research activities. Considering the large experimental
facilities usually needed to test these systems as well as the substantial effort necessary to
improve the existing numerical thermal-hydraulics systems analysis codes, co-ordinated
international research programmes are nowadays the most cost effective way to investigate
such problems.
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2. THE 1994-1998 EU RESEARCH PROGRAMME ON NUCLEAR FISSION SAFETY

The European Union (EU), via a Council Decision of April 26th 1994, adopted a
EURATOM Multiannual Programme for Community activities in the field of Nuclear Fission
Safety (NFS) Research and Technological Development (RTD) for the period 1994 to 1998.
This programme consists of five main activity areas:

Area A. Exploring Innovative Approaches
Area B. Reactor Safety
Area C. Radioactive Waste Management, Disposal and Decommissioning
Area D. Radiological Impact on Man and Environment
Area E. Mastering Events of the Past

This Programme is being implemented either via direct actions under the
responsibility of the Joint Research Centre (JRC) of the EC, or via indirect actions co-
ordinated by units F-5 and F-6 of Directorate General XII of the European Commission (EC).
The latter are structured around a limited number of significant projects which were selected
by the EC and a group of independent experts with the aim to stimulate co-operation among
public and private organisations of different Member States, to avoid unnecessary duplication
efforts and to use the available resources in an efficient way. Notice that through a special
association agreement Switzerland is also allowed to participate in the NFS programme
without financial contribution from the EC.

Most of these projects are essentially carried out through "shared cost" actions, for
which EC contribution is up to 50% of the total project costs. A small part of the programme
though, is carried out through "concerted" actions whose objectives are the exchange of
information, on some critical R&D issues or the development of a consensus on specific
problems of common interest. For the concerted actions the EC reimburses only co-ordination
costs, such as travel and living expenses, meetings, etc.

In both cases, "cost-shared" or "concerted" actions, there is a "Project Co-ordinator"
who is responsible for the management, technical direction of the project and production of
the deliverables committed in the Work Programme. The co-ordinator's responsibilities also
include administrative tasks, such as general liaison with the EC, the submission of all
required documents (e.g. periodic progress reports, minutes of meeting, specific technical
reports, etc.) and the distribution of the financial support paid by the EC.

For Areas A and B, one of the most important events was the EC-sponsored
symposium "FISA-97" (about 300 participants), which was a kind of mid-term review of all
the on-going projects in the areas A and B mentioned above. This symposium took place in
Luxembourg from 17 to 19 November 1997 and was open to scientists and technical experts
from the. European Union and abroad. The proceedings have been published as an "EUR"
document by the EC Office for Official Publications [1].

3. EU-SPONSORED RESEARCH ON INNOVATIVE APPROACHES

The activities in the above mentioned area A should contribute to the development of
new (mainly "passive") concepts for improving the safety of nuclear reactors and fuel cycle,
giving priority to problems of generic nature. They should also provide a data base from
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which industry can choose features that respond best to the development trends of future
nuclear power plants in the EU and world-wide. "Active" concepts and systems for the
mitigation of severe accidents, are considered under Area B, of the 1994-1998 Nuclear Fission
Safety RTD Programme. The area A has been further broken down in two sub-areas:

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.
Emphasis is made on generic problems related to techniques for passive decay heat removal
from both the core region and the containment building, as well as for other passive safety
measures (e.g. initiation, depressurization, injection).

A.2. Fuel cycle concepts

Alternative fuel cycle concepts are under consideration, mainly from the point of view
of safeguards and minimisation of the long-lived radioisotope inventory. Partitioning and
Transmutation offers the possibility to reduce the content of long-lived radioisotopes of the
high level waste. It implies the application of sophisticated separation techniques and
adequate methods of transmutation of actinides.

The projects which were accepted in Area A.I have been grouped under a common
cluster known as "INNO". The "INNO" cluster is composed often projects (7 "shared-cost"
and 3 "concerted" actions) in which 25 different organisations, representing research centres,
universities, regulators, utilities and vendors from 7 EU member states and Switzerland, are
involved. Table I shows the most relevant details (e.g., duration, co-ordinator, partners
involved, facilities, codes) of the projects presented in this paper.

These projects include both experimental and analytical activities directed mainly to study
the phenomena associated with the use of passive systems for decay heat removal (both from
the core region and the containment building) and for safety measures (e.g. initiation,
depressurization, injection), as well as to demonstrate their feasibility for different types of
advanced Light Water Reactor (LWR) designs. The experiments are being performed in some
of the most important European thermal-hydraulics facilities in Europe covering : (i) large-
scale integral (e.g. PANDA, PACTEL), (ii) large-scale separate-effect (e.g. NOKO) and (iii)
small-scale separate-effect (e.g. LINX, EPICE, SUCOT, MUCON, STORM, AIDA, PECA,
etc.) tests. The use of different neutronics and thermal-hydraulic computer codes (ATHLET,
CATHARE, TRAC, RELAP5, etc.) for pre and post-test calculations is an important part of
the work programmes of these projects, as it will enable to define better the test configuration
and parameter range extensions and to extrapolate the results of the small scale experiments
towards full scale reactor applications.

4. PROJECTS OF THE "INNO" CLUSTER

This section briefly describes the objectives as well as the main activities.foreseen
within 8 of the "INNO" cluster projects whose experimental and analytical activities are
relevant to this Technical Committee Meeting, and also presents the results obtained up to
date.
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TABLE I. PROJECTS SUMMARY INFORMATION

Acronym

SYNTHE
SIS

POOLT
HY

APSI

TEPSS

IPSS

BWRCA

INCON

CONGA

Duration
(months)

27

36

33

36

36

12

26

24

Co-
ordinator

ENEL

CEA-DTP

VTT-
Energy

ECN

FZJ (Mich)

CEA-DRN

ENEL

SIEMENS

Partners

SIEMENS, CISE

FZK, Univ.
Manchester, Univ.
"La Sapienza"

AEA Tech., Univ.
Pisa, Univ.
Lappeenranta

CIEMAT,
NUCON,
KEMA,
niversities of.
Catalonya and
Valencia

ECN, GRS,
KEMA,
NUCON, SIET,
PSI, VTT

SIEMENS,
CIEMAT,
ENEA, Univ.
Delft, FZ
Rossendorf

ANSALDO,
CIRTEN, EdF,
PSI, Empresarios
Agrupados,

ENEL, CIEMAT,
JRC-Ispra, PSI

Facilities

CISE (IT), SIET
(IT)

EPICE (FR),
SUCOT (DE),
NUCON (UK),
QUSCOCS (IT)

PACTEL (FI)

PANDA,
LYNX and
AIDA (CH)

Dodewaard
Reactor (NL),
NOKO (DE),
PANDA (CH),

DESIRE (NL)

CISE (IT),
LINX (CH)

CISE (IT),
DRAGON (CH),
STORM (CH),
PECA (ES)

Computer Codes

RELAP5

CATHARE, CFX

CATHARE,
RELAP5
APROS

GOTHIC,
MELCOR,
RELAP5, TRAC,
CFX

APROS,
PHOENICS,
ATHLET,
MELCOR,
RELAP5,
RALOC, TRAC

ATHLET,
CATHARE,
DYN3D-
ATHLET,
RELAP5,
TUBEX
RAM0NA3,
HELIOS,
APOLLO,
CRONOS,

GOTHIC,
LEGO,
RELAP5

SPARC,
CONTAIN
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4.1. Project "System for Emergency Core Cooling through High Performance Steam
Injector" (SYNTHESIS)

This project is a "shared-cost" action which started in January 1996, and was carried
out by a consortium of 3 organisations (ENEL, CISE and Siemens) under the co-ordination of
ENEL. The project was completed on 31 March 1998.

The main objective of the project was to demonstrate the feasibility of an injection
system (SYNTHESIS), based on a passive device named High Performance Steam Injector
(HPSI). The system should be able to pump water into a Reactor Coolant System (RCS) at
high pressure, taking water from an atmospheric tank, without requiring any human
intervention. The key component of the system, the HPSI, is a single-stage steam injector able
to operate at the required pressure conditions, which has already been developed, patented and
successfully tested by ENEL and CISE for industrial applications.

The SYNTHESIS functional requirements for a reference (the German SWR 1000
concept) and an alternative application (secondary side of a PWR) were first defined,
including system interfaces, preliminary layout, operating conditions and required
performances. The system to be investigated was equipped with active components, i.e.
automatic actuators (valves), for start-up and for keeping the optimum operating conditions
during transients. This was followed by a design optimisation process for the HPSI prototype
to meet these requirements. An HPSI prototype was manufactured and the modifications to
the existing test loop (located at the SIET facilities near Piacenza [2]) needed to perform the
experimental programme were implemented. Once the Test Matrices as well as the
specification for the active components were defined, the experimental activities started.

The test programme was performed in three phases. Phase I consisted in a series of
tests using different nozzles and nozzles positions, various combinations of internal parts and
hardware modifications, until the measured performance met or exceeded the requirements.
When a successful configuration was determined, additional tests were performed in order to
develop the best procedure for the automatic start-up sequence (phase II). Finally, in phase III,
a number of tests were carried out using a modified HPSI and a wider range of operating
steam pressures in order to obtain the optimal performance configuration. Additional tests to
investigate the effect of non-condensable gases (using Helium) showed a negligible impact
on the HPSI performance.

The analytical activities included a benefit evaluation of the SYNTHESIS application
to both the SWR 1000 and the secondary side of a PWR. Transient and accident analysis
using RELAP5-MOD3.1 (for the SWR 1000) and RELAP5-MOD3.2 (for the PWR) were
performed to that end. The main results of these analyses are that although the optimal HPSI
configuration seems adequate to avoid the ADS actuation for all SB-LOCAs (depending on
the setpoint selected), a reduction of the initial water inventory in the RPV, and consequently
a reduction of the RPV height of the SWR1000, seems not feasible.

.4.2. Project "Thermal-hydraulics of Large Pools with Immersed Heat Exchangers and
Natural Convection Heat Transfer" (POOLTHY)

This project is a "shared-cost" Action which started in January 1996, and is being
carried out by a consortium of 4 organisations (CEA-DRN, FZK, University "Victoria" of
Manchester and University "La Sapienza" of Rome) under the co-ordination of CEA-DRN.
The duration of the project is 36 months.
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The main objective of this project is to provide a bank of experimental data about
different phenomena related to the removal of decay heat by means of passive systems. These
data could then be used to improve and validate the numerical models of existing thermal-
hydraulic codes. The project consists in different separate effect tests to be performed at four
independent experimental facilities.

The EPICE test loop (see page 503 of reference [1]) is located at the CEA-DRN
facilities in Grenoble, and is being used to study the performance of immersed vertical tubes
heat exchangers operating with pool boiling at low pressure. The investigation of the thermal-
hydraulic behaviour of such components needs an specific experimental validation of the
following aspects: (i) two-phase heat transfer correlations along the tubes at low pressure, (ii)
critical heat flux for various flow conditions (i.e. natural circulation, forced convection) and
different bulk temperatures, and (iii) occurrence of instabilities. Three test campaigns have
been designed: EPICEl-FC (forced convection using an electrically heated tube), EPICEl-NC
(natural circulation using also an electrically heated tube) and EPICE2-NC (natural circulation
using a tube heated with a primary fluid). The test series with the EPICEl-FC and EPICEl-
NC configurations have already been completed, while the tube for the tests on EPICE2-NC is
still being manufactured.

The MUCON (see page 507 of ref. [1]) experiments are being conducted by the
University "Victoria" of Manchester. They are specifically concerned with the efficiency of
condensers handling flowing steam and non-condensable gas mixtures. The general aim of
these experiments is to produce correlations of condensation heat transfer data with various
geometrical arrangements of condensing surface. Specific aims are : to examine the effect of
steam flow rate and non-condensable gas concentration for three configurations of condensing
plate (vertical, horizontal and inclined) and to investigate means of enhancing the
condensation process by using extended surfaces and mixing devices. During the course of the
first tests, some limitations of the original copper condensing plate became apparent (e.g. non-
uniformity of plate temperature, deterioration of plate surface). After several tests with
modified plates and some modelling studies, a completely new condensing plate was
manufactured. Again copper was used, but this time the surface was plated with a thick layer
of nickel followed by a thin layer of chromium.

The main aim of the QUSCOCS experimental facility (see page 504 of ref. [1]) run by
University "La Sapienza" is to identify the optimal configuration of a pool - immersed heat
exchanger, coupled with a natural circulation system, and to gather data on different
phenomena, like natural convection in pools, nucleate pool boiling, effects of tube
characteristics (e.g. materials, lay-out, inclination) on the system performance, and thermal-
hydraulic transients. The results will be useful to optimise the full scale design of the MARS
nuclear plant emergency decay heat removal. The experiments performed so far have shown
very large heat losses in spite of the thermal insulation of the test loop which prevented to
reach a steady boiling during tests with low power supply. New tests sections had to be
manufactured using different surface finishing and materials.

The SUCOT test facility (see page 505 of ref. [1]) is installed at the
"Forschungszentrum Karlsruhe" (FZK), and is being used to investigate the short term two-
phase phenomenology of the natural circulation within a flooded spreading compartment of a
future light water reactor containment. 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, rise and collapse of bubbles and

254



influence of non-condensable gases on boiling behaviour. The first steady-state experiments
have been performed showing a stable natural circulation for all operational conditions
investigated. A physical model to describe the momentum and heat exchange between the
phases and to describe subcooled boiling phenomena has been developed. These models have
been implemented in the commercial software package CFX4.1.

4.3. Project "Assessment of Passive Safety Injection Systems of Advanced Light Power
Reactors - Passive Safety Injection Tests" (APSI)

This project [3] is a "shared-cost" action which started in January 1996, and is being
carried out by a consortium of 4 organisations (VTT Energy, University of Lappeenranta,
AEA Technology and University of Pisa) under the co-ordination of VTT-Energy. The
duration of the project is 33 months.

The main objective of the project is to investigate the performance of the gravity
driven passive safety injection systems developed for new Advanced Light Water Reactors
(ALWRs), under accidental conditions, particularly the Loss of Coolant Accident (LOCA).
These passive systems are intended to replace the current pump driven Emergency Core
Cooling Systems (ECCS) and therefore it must be assured that they will achieve the desired
functions.

This project is based on experiments carried out in the PACTEL integral test facility
[4] 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 first activity of the project was to carry out a review of thermal-
hydraulic phenomena and an evaluation of current system code capabilities important in the
modelling of passive safety injection systems. The results have served as a basis for the
specification of the test parameters.

The experimental part of the project is being performed at the PACTEL facility
located in Lappeenranta (Finland) and run by VTT-Energy. Since PACTEL does not model
any of the proposed passive ALWR designs, the investigation has focused on phenomenology,
and the CMT has been used to simulate the gravity driven flow to the primary system. Three
series of tests have been performed to investigate the effects of break sizes and location, the
CMT size, and the CMT elevation.

In general the first two series of experiments have shown that the CMT performed
basically as it was planned. The use of a flow distributor (sparger) in the CMT was decisive to
avoid the problems of rapid condensation experienced in the past. The tests were very useful
to assess the effect of different break sizes (1st series) and smaller CMT sizes (2nd series) on the
CMT behaviour during recirculation and injection phases. Valuable data about CMT
temperature distribution, heat transfer to the CMT walls, and injection mass flow rates, have
been collected for their interpretation. For the third experiment series, the CMT was moved 1
meter higher (compared to the second series) in order to increase the driving head for the
Passive Safety Injection System (PSIS). With the CMT in this position, the effect of
miscellaneous factors was investigated: increased flow resistance of the PSIS line, very small
break sizes, CMT and injection lines full of cold water and a different PSIS configuration.

255



After each series of experiments, selected tests were analysed with three computer
codes: APROS, CATHARE and RELAP5. The main phenomena investigated were:

a) thermal stratification of liquid 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 behaviour in the overall system behaviour (core heat-up; primary

pressure)

During the numerical analyses, several and different problems (depending on the code)
were encountered (e.g. numerical diffusion, parameter oscillations, large computing time, etc.)
and, although the overall behaviour was well simulated, there were considerable differences
between the measured and the calculated values, which highlights some inadequacy in the
existing models.

4.4. Project "Technology Enhancement for Passive Safety Systems" (TEPSS)

This project [5] is a "shared-cost" action which started in January 1996, and is being
carried out by a consortium of 7 organisations (ECN, Stork Nukon, KEMA, CIEMAT,
Universities of Barcelona and Valencia, and the Paul Scherrer Institute) under the co-
ordination of ECN. The duration of the project is 36 months.

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 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 is being performed in three existing Swiss facilities
run by the Paul Scherrer Institute: LINX-2, PANDA, and AIDA. It will be supported by
analytical work to identify and understand the governing phenomena, and to produce useful
correlations and reliable physical models. Different computer codes (RELAP5, GOTHIC,
TRAC/BF1, MELCOR) will be used. The work programme consists of the following
activities :

4.4.1. Suppression pool mixing and stratification

Two series of tests will be performed at the LINX-2 experimental facility [6]. In the
first series, mixing and condensation phenomena that are induced by steam/nitrogen venting
in a suppression pool will be investigated in a global manner using both a single vent and a
six-side arms sparger. In the second test series, experiments will be performed to provide a
database for three dimensional code development and validation. In particular, the objective is
to improve the physical models for bubble plumes in water pools existing in the CFX-F3D
code.

4.4.2. Passive decay heat removal

A series of eight tests have been conducted at the PANDA facility [7] in order to
investigate the performance of the Passive Containment Cooling System (PCCS) of the
reference design (i.e. the European SBWR) to remove decay heat from the containment after a
loss of coolant accident. In the PCCS, steam from the drywell is condensed inside the tubes of
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the heat exchangers immersed in a water pool outside containment. Scaling analyses were
performed to assure that the experimental observations will be in known relationship to the
phenomena in the reference design. The preliminary conclusions of the test programme can be
summarised as follows:

- The PCCS showed a favourable and robust long term post-accident behaviour;
- There is a wide margin in the PCCS;
- The PCSS started under extreme conditions without problems;
- The injection phase of the Gravity Driven Cooling System (GDCS) was successfully

demonstrated
- Trapped air released from the drywell slightly reduced the PCC heat removal capacity
- Helium injected to the drywell later in the transient adversely affected the PCCS

performance

For each test run, pre-test analyses have been 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 are being performed with RELAP5/MOD3, GOTHIC,
TRAC/BF1, and MELCOR to benchmark the codes against the experimental data. A realistic
PCC model (accounting for both primary and secondary side heat transfer) has been
developed by the University of Valencia and incorporated in TRAC-BF. The RELAP5 results
obtained so far are generally in good agreement with the experimental data of the PANDA
tests, although some phenomena (e.g. recirculation in the PCC pools, mixing of gas and liquid
spaces, tracking of more than one non-condensable gas, etc.) cannot be predicted due to the
one-dimensional nature of the code.

4.4.3. Passive aerosol removal

The AIDA-PCCS experimental facility [8] was 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 experiment using SnO2 aerosol as simulant has been
performed showing a decrease of the condenser efficiency of about 20%. This has been
explained by a significant, but abnormal, aerosol deposition in the upper plenum of the heat
exchanger. Pre- and post- test analyses have been performed using the MELCOR code, and
the results show no degradation in the heat transfer. The conclusion is that the modelling in
MELCOR is not adequate to simulate the experiment. Additional experiments (not foreseen in
this project) would be necessary in order to develop and validate an improved model.

4.5. Project "European BWR-R&D-Ouster for Innovative Passive Safety Systems
(IPSS)

This project [9] is a "shared-cost" action which started in January 1996, and is being
carried out by a consortium of 8 organisations (FZJ, ECN, GRS, KEMA, Stork Nukon, SIET,
VTT, and the Paul Scherrer Institute) under the co-ordination of FZJ. The duration of the
project is 36 months.

The objective of the project is to use the existing large scale test facilities NOKO
(Germany) [11] and PANDA (Switzerland) [7] as well as the past experience of the
Dodewaard reactor (Netherlands) for a co-ordinated experimental research programme on the
reliability and features of selected passive safety systems for innovative BWRs (particularly
Siemens' SWR 1000). The project will also contribute to validating and improving thermal-
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hydraulic computer codes with regard to natural convection of the coolant and passive decay
heat removal both from the core region and from the containment. The R&D activities have
been grouped in five Work Packages:

4.5.1. Natural convection in the reactor coolant system

Until its closure, the Dodewaard reactor was the only power reactor in the western
world that demonstrated the characteristics and feasibility of coolant recirculation by natural
convection without pumps even under full power. Data from steady-state and transient
conditions of this reactor have been compared with the results obtained by different computer
codes (ATHLET, TRAC-BF, RELAP).

4.5.2. Passive decay heat removal from the core region

Two types of passive decay heat removal systems are being tested and analysed: (i)
Isolation Condensers (IC) and (ii) Emergency Condensers (EC). In the first case, the steam
produced in the core region is condensed in heat exchangers placed outside the containment
(e.g. SBWR) while in the second case they are located inside (e.g. SWR 1000, Dodewaard). In
particular, the following aspects are being investigated: heat transfer in the condenser,
influence of pressure, influence of water levels, condenser geometry variation, heat
conductivity of materials, influence of non-condensable gases, heat transfer in the pools, start-
up behaviour, function of siphons, and accident response.

The IC experimental programme, already completed, consisted in a series of tests
which have been performed at the PANDA facilities using different flow rates of pure steam
as well as steam-air and a steam-helium mixtures. Post-test calculations with RELAP5 have
shown a good agreement with the experimental results, the maximum deviations being
between -23% and + 25%. In overall, the code can be suitable to evaluate condensation
phenomena with and without the presence of non-condensable gases, especially at low
pressure (~3 bar). However the prediction accuracy decreases with increasing pressure.

The EC experimental programme, still on-going, consists in a series of tests performed
at the NOKO facility. Two test bundles have been used. The first one (4 tubes) had been
previously tested in a German-sponsored programme. The test matrix included a range of
primary pressures between 1 to 7 MPa, and different water levels and temperatures in the
secondary side (i.e. the condenser tank). In some of the experiments, a specially instrumented
tube was installed in parallel to the four tubes of the NOKO bundle in order to study the two-
phase flow patterns in a single tube. The experimental results of individual tests have been
compared with calculated values obtained from several computer codes (APROS, ATHLET,
CATHARE, RELAP5, TRAC) showing a fair agreement. A second optimised EC bundle,
with thinner wall thickness to reduce the thermal resistance, will be tested during 1998.

Finally, the heat transfer from the condenser to the water side as well as the possible
stratification in the pool area of both the NOKO EC and the PANDA IC have been analysed
using the PHOENICS CFD code and the experimental results.

4.5.3. Application of steam jet pumps for passive safety systems

A study has been performed to identify potential safety-related applications of steam
jet pumps in the nuclear industry (e.g. depressurization by water injection, decay heat
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removal, shut-down). The experience from countries like Russia, US, Japan and Italy has been
taken into account.

4.5.4. Passive initiators

Passive initiators can perform safety related functions without relying on external
power and safety-grade control systems. The concept is based on the heating up of a fluid
within the passive initiator which produces a pressure build-up. A number of tests has been
performed at the NOKO facility in order to study the behaviour and feasibility of three
different types of passive initiators. It is foreseen to enhance the operation regime by the use
of alternative fluids with lower saturation temperatures. The results have led to
recommendations of possible improvements and applications.

4.5.5. Passive decay heat removal from containment

Components for different versions of passive containment cooling are being studied
within this Work Package: the Building Condenser (BC) with condensation outside the heat
exchanger tubes (concept proposed in the SWR 1000), the Passive Containment Cooler (PCC)
with condensation inside the heat exchanger tubes (concept proposed in the SBWR), and a
Containment Plate Condenser (CPC) with surface condensation. The main R&D areas
concentrate on heat transfer in the condensers, influence of non-condensable gases, pressure
dependence, start-up behaviour and heat transfer in pools.

The BC experimental programme was carried out both at the PANDA and at the
NOKO facilities. The test matrix of PANDA BC consisted of six system behaviour
experiments simulating different loss of coolant accidents using prototypical fluids at
prototypical conditions. Nitrogen and hydrogen were simulated by air and helium
respectively. The experiments have shown that the BC behaves as expected under the range of
conditions simulated. At the NOKO facility, more than 40 parametric tests with trough and a
similar number without trough have been performed in a wide range of experimental
conditions. These tests complemented those performed in PANDA and have produced a broad
data base which will be used for code assessment and validation. In particular, the comparison
of results from ATHLET, CFX-F3D, RALOC and RELAP/MELCOR calculations will
indicate needs for further improvement.

The PCC experimental programme was carried out at the PANDA facility and
consisted in a test simulating a main steam line break (base case) and several tests simulating
extreme asymmetric break flow conditions coupled to reduced PCC capacity. Post-test
calculations were performed using RELAP/MOD3.2, showing a good agreement with the
experimental results.

The CPC experimental programme consists of two series of tests: one at the NOKO
facility (already performed) and another (on-going) at the PANDA facility, using the same
test objects. The analytical activities include calculations using the RALOC and the CFX-F3D
computer codes.

4.6. Project "BWR Physics and Thermal-hydraulics Complementary Actions to the
BWR R&D Cluster" (BWRCA)

The BWRCA project is a "Concerted Action" which started in January 1997, and was
completed on 31 December 1997. It was carried out by a consortium of 6 organisations (CEA-
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DRN, Siemens, ENEA, CIEMAT, University of Delft and FZ Rossendorf) under the co-
ordination of CEA-DRN.

The work Programme of this "Concerted Action" can be considered as a natural
complement of the activities developed in project "IPSS" described above. In fact, a co-
operation scheme was agreed between both projects in order to define the contents of the work
packages, exchange information and assign responsibilities. Four work packages were
defined:

4.6.1. Thermal valve modelization and assessment

The feasibility and behaviour of a so called "thermal valve" [13], which may achieve
smooth and passive activation of isolation condensers (IC) was investigated, and a conceptual
design resulted from it. Two computer codes, CATHARE and RELAP5, were used to model
and perform calculations for steady state and transient conditions. These calculations have
confirmed the effectiveness of the preliminary design of the "thermal valve". The results
though were not completely conclusive and some code weaknesses have been detected.

4.6.2. Theoretical support to NOKO-EC experiments

Selected NOKO-EC experiments of the "IPSS" project were analysed using two
computer codes (CATHARE, ATHLET). The comparison of global calculated values with the
experimental results showed good agreement for high and medium steam pressures, but not
for small steam pressures. In addition to these post-test analyses, support to the NOKO
experiments on two-phase flow instrumentation, test preparation, and optimisation of passive
components was provided by the project partners. An State of the Art on condensation
phenomena within tubes (vertical and horizontal), with and without non-condensable gases,
was also produced.

4.6.3. Modelisation and assessment of the building condenser (BC)

Post-test analyses on selected BC experiments carried out in NOKO within the "IPSS"
project were performed using TUBEX. The CEA's TUBEX software has been developed to
evaluate the condensation efficiency for a transversal flow through a bundle of smooth tubes.
The results on the exchanged power show a good agreement with the experimental data.

4.6.4. BWR core dynamics and thermal-hydraulic

The 3D power distribution and neutronic characteristics of the Dodewaard core have
been investigated using different computer codes: APOLLO 1, HELIOS, RAMONA,
CRONOS, DYN3D. The neutron cross-section libraries for the Dodewaard fuel assemblies
were generated from raw data of the reactor's operating cycle 26. A substantial effort was
necessary to elaborate the input decks of these codes, to couple them to thermal-hydraulics
codes (ATHLET, FLICA-4) and to validate all the tools in order to simulate the complex
dynamics of BWRs natural circulation.

Results from measurements taken at the DESIRE loop of the University of Delft [14]
as well as from the Dodewaard reactor have been used to conduct an experimental and
theoretical research on natural circulation for BWR static and dynamic conditions, in
particular to study the relationship between the core and riser void fraction and the natural
circulation flow rate.

260



4.7. Project "Innovative-containment Cooling for Double Concrete Containment"
(INCON)

This project is a "shared-cost" action which started in January 1996, and was carried
out by a consortium of 6 organisations (ENEL, ANSALDO, CIRTEN, Empresarios
Agrupados, EdF-SEPTEN, and the Paul Scherrer Institute) under the co-ordination of ENEL.
The project was completed on 30 April 1998.

The objective of this project was to study the phenomenological aspects of innovative
containment cooling for a rugged double concrete containment, which meets the European
Utility Requirements (EUR Document). The proposed experiments were be carried out at the
CISE (Italy) and LINX (Switzerland) facilities, and were based on some alternative solutions,
which had been screened out as results of a previous extensive research programme performed
by,ENEL together with ANSALDO and CISE in the last five years. The design to be used
consist basically of three components : an inner heat exchanger located in the "inside"
containment, an outer heat exchanger immersed in an external pool, both located in the
"outside" containment, and an intermediate circuit connecting the inner and the outer heat
exchangers. Two alternative solutions for the inner heat exchanger will be assessed in this
project: (i) a "compact" device consisting of straight finned tubes, and (ii) a plate-type device.
Three main work packages have been defined in this project:

4.7.1. Inner finned tube heat exchanger tests

The experimental activities consisted of a series of functional and characterisation tests
of single and bundle finned tube heat exchangers in both natural and forced circulation
conditions for different containment atmosphere compositions and tube geometries. The
functional tests were performed at CISE while the characterisation tests were carried out at
PSI. The results have showed that the heat transfer of the tested concept is efficient even in
the presence of high non-condensable gas concentrations. The analytical activities focused on
the assessment and development of correlations and physical models as well as extrapolation
of test results to the full scale system. The basic models for predicting heat transfer on finned
tubes under natural and forced convection developed by CIRTEN, CISE, and PSI have shown
in general good agreement with the experimental results.

4.7.2. Inner Plate Type Heat Exchanger Tests

This alternative solution uses a plate type internal heat exchanger in which two metal
liners conforming a "water jacket" are anchored to the inner surface of the primary (i.e.
"inside") containment. The heat from the containment atmosphere is transferred to the water
jacket. Then the water boils and the steam produced is condensed on an external heat
exchanger connected to it. The water jacket mock-up as well as its supporting structure were
designed- and constructed by Ansaldo. The main objective was to evaluate the
thermomechanical stresses of both heat exchanger and structure under the most challenging
conditions. Pre-test analyses were performed using the GOTHIC code coupled to the LEGO
code for the mock-up sizing. Four tests at different conditions (i.e. pressure, temperature, and
temperature gradient) were performed. The main conclusion was that the real displacements
are higher than expected due to the flexibility of the structure. Therefore lower tolerances
would be necessary if the real system is manufactured.
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4.7.3. Intermediate loop and integrated systems tests

The thermal-hydraulic behaviour of the intermediate loop was studied through an
experimental test programme covering a wide range of steady state and transient conditions
and configurations (e.g. presence of non-condensable gases, hydrogen deflagration). From the
analysis of experimental results, the optimum water inventory and tube slope were
determined. A model of the test facility was built using the RELAP5 code in order to perform
pre and post-test analyses.

The interactions among the different natural circulation loops (containment
atmosphere, intermediate two phase fluid, pool water and external air flow after the pool water
level decreases) as well as the system response time have been investigated using a dedicated
facility built at CISE. Both transient and steady state conditions tests have basically confirmed
the design assumptions and performances, and a data base has been elaborated. The integral
system has been simulated by means of the LEGO computer code library modules, and the
validation of the model successfully achieved for steady state conditions.

4.8. Project "Containment Behaviour in the Event of Core Melting with Large Gaseous
and Aerosol Releases" (CONGA)

This project is a "shared-cost" action which started in January 1997, and is being
carried out by a consortium of 5 organisations (Siemens, ENEL, CIEMAT, JRC-ISIS and the
Paul Scherrer Institute) under the co-ordination of Siemens. The duration of the project is 24
months.

The main objective of this project is to investigate the phenomena and processes
occurring inside different types of containments for some new reactor concepts (e.g., EPP
with double containment for PWRs and SWR 1000 for BWRs) in the event of core melt
accompanied by the release of large quantities of non-condensable gases (particularly
hydrogen) and aerosols. These new containment designs foresee the use of passive systems
consisting of several units of quasi-horizontal finned tubes bundles. Steam released into the
containment atmosphere condenses onto these tubes which are internally cooled by water
under natural circulation regime. The energy absorbed by the coolant is then discharged into a
pool which acts as a heat sink for at least three days. The experiments are being performed at
four different facilities: DRAGON (PSI, Switzerland), STORM (JRC/ISIS, Italy), CISE (Italy)
and PEC A (CIEMAT, Spain). Emphasis will be put on the following aspects :

4.8.1. The effect of aerosol deposition on heat-exchange surfaces in the containment
atmosphere.

This will be investigated at the DRAGON and STORM [10] facilities using two
different test objects: (i) an arrangement of five finned tubes in two layers with different tube
geometries (i.e. PWR and BWR), and (ii) a mock-up of a real heat exchanger consisting of
several layers of inclined tubes with only one tube geometry (PWR type). Two pressure
vessels, one for each object, will be required to perform the scheduled tests. The reference
accident scenarios for the reference plants (i.e. Italian PUN design for PWR and German
SWR 1000 design for BWR) to establish the initial and boundary conditions required for the
experimental work were firstly defined.

Most of the tests will be performed using insoluble solid SnO2 particles to simulate
aerosols; however some tests have been foreseen with a mixture of soluble and insoluble
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aerosols (i.e. CsOH/SnO2) in order to reproduce prototypical accident scenario conditions.
The range of the most relevant test parameters will be: pressures between 1 bar to 3 bar
absolute, gas temperatures between 120 to 150 ° C, gas mass flow rate between 230 Kg/h
(DRAGON) and 750 Kg/h (STORM), and aerosol mass concentrations between 1 and 5 g/m3.
The experimental results will be used to define a theoretical, correlation for a single tube
which accounts for the aerosols deposition. The basic models for predicting heat transfer on
finned tubes under natural and forced convection developed by CIRTEN, CISE, and PSI in
the INCON project (see section 4.7) will be used to establish a preliminary correlation.

4.8.2. The effect of large hydrogen concentrations on heat transfer (and thus on containment
pressure).

This has been investigated at the CISE facilities using two different heat exchangers
mock-ups, one typical for PWRs (identical to the mock-up used in the INCON project
mentioned above) and another typical for BWRs which was manufactured especially for this
project. The hydrogen (simulated by Helium) concentrations studied ranged between 20 % by
volume (maximum value tested in the INCON project) and 80 % by volume (maximum
possible value for the SWR1000 containment). The tests have shown that the measured heat
flux is scarcely influenced by the coolant temperature whereas it is mainly dependant on
steam partial pressure in the gas mixture, and that the heat transfer reduction is very steep
when injecting helium at low helium/steam mass ratios and smooth at higher helium/steam
mass ratios.

4.8.3. The effect of large aerosols releases into typical BWR plants with pressure suppression
type containment.

The main objective is to investigate the potential reduction of containment pressure in
BWR plants by using the existing plant gaseous waste treatment ("off-gas") systems for
exhausting the non-condensable gases (H2 N2> air) to the atmosphere. This off-gas system
consists mainly of a catalytic recombiner for hydrogen removal, a condenser and a charcoal
filter system. The presence of large quantities of aerosols could degrade the functional
capability of the recombiner line.

Two series of tests were planned to be performed at the CIEMAT's PEC A facility [12]
in order to study: (i) the aerosol retention and concentration in the suppression chamber on the
long term, and (ii) the aerosol and hydrogen behaviour in the recombiner line of the "off-gas"
systems in order to determine the aerosol deposition and the potential degradation of the
catalytic material. The first series of experiments has already been completed. The SPARC
and CONTAIN codes were used to calculate the preliminary decontamination factors
associated to the injection of a mixture of aerosols-gas in the suppression pool. The
preliminary results have shown that (i) the presence of steam produces agglomeration of the
aerosols and, thus, the particle size grows and its shape becomes more irregular than in
absence of steam; (ii) the aerosol concentration in the vessel gas space is 10 times lower than
the one injected, and (iii) the bubble size when injecting the aerosol-gas mixture is smaller
than when injecting only steam.

5. CONCLUSIONS

International research programmes can offer a cost effective opportunity to investigate
multidisciplinary and complex problems like those encountered in the development of
Innovative Passive Safety Systems for the next-generation reactors. Although, relatively
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recent, the EC-sponsored projects on this area are proving to be an efficient means to gain the
necessary phenomenological knowledge and solve the challenging problems, many times of
generic nature, posed by the characteristically small driving forces of these systems. In all
these projects the collaboration of organisations of different EU member states is enforced.
This has contributed to stimulate co-operation among public and private organisations, to
avoid duplication efforts and to use the available resources in an efficient way.

The projects of Area A.I of the EU 1994-1998 Nuclear Fission Safety R&D
Programme, "Exploring Innovative Approaches/Conceptual Reactor Safety Features" have
been grouped under a common cluster known as "INNO". At present there are 10 projects in
this INNO cluster which involve 25 different organisations from 7 EU State Members. In 5 of
these projects there is also an important participation of the Paul Scherrer Institute (PSI) from
Switzerland. Most of these projects include both experimental and analytical activities
directed mainly to study the phenomena and issues associated with the use of innovative
systems for decay heat removal from both the core region and the containment building of
Light Water Reactors (LWRs).

The experiments are being performed in some of the most important large-scale (e.g.
PANDA, NOKO, PACTEL) and separate-effect (e.g. LINX, EPICE, SUCOT, MUCON,
STORM, AID A, PECA, etc.) thermal-hydraulic test facilities in Europe. The use of different
neutronics and thermal-hydraulic computer codes (ATHLET, CATHARE, TRAC, RELAP5,
etc.) is an important part of the work programmes of these projects, as it enables to define
better the test configuration and parameter range extensions, to benchmark the codes against
experimental data, and to extrapolate the results of the small scale experiments towards full
scale reactor applications.
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