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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 36 democracies work together to address the
economic, social and environmental challenges of globalisation. The OECD is also at the forefront of efforts
to understand and to help governments respond to new developments and concerns, such as corporate
governance, the information economy and the challenges of an ageing population. The Organisation provides
a setting where governments can compare policy experiences, seek answers to common problems, identify
good practice and work to co-ordinate domestic and international policies.

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic,
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Latvia,
Lithuania, Luxembourg, Mexico, the Netherlands, New Zealand, Norway, Poland, Portugal, Korea, the
Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States.
The European Commission takes part in the work of the OECD.

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research
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its members.

NUCLEAR ENERGY AGENCY
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the Netherlands, Norway, Poland, Portugal, Korea, Romania, Russia, the Slovak Republic, Slovenia, Spain,
Sweden, Switzerland, Turkey, the United Kingdom and the United States. The European Commission and the
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The mission of the NEA is:

— to assist its member countries in maintaining and further developing, through international
co-operation, the scientific, technological and legal bases required for a safe, environmentally sound
and economical use of nuclear energy for peaceful purposes;

— to provide authoritative assessments and to forge common understandings on key issues as input to
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energy and the sustainable development of low-carbon economies.
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Committee on the Safety of Nuclear Installations

The Committee on the Safety of Nuclear Installations (CSNI) is responsible for the
Nuclear Energy Agency (NEA) programmes and activities that support maintaining and
advancing the scientific and technical knowledge base of the safety of nuclear
installations.

The Committee constitutes a forum for the exchange of technical information and for
collaboration between organisations, which can contribute, from their respective
backgrounds in research, development and engineering, to its activities. It has regard to
the exchange of information between member countries and safety R&D programmes of
various sizes in order to keep all member countries involved in and abreast of
developments in technical safety matters.

The Committee reviews the state of knowledge on important topics of nuclear safety
science and techniques and of safety assessments, and ensures that operating experience
is appropriately accounted for in its activities. It initiates and conducts programmes
identified by these reviews and assessments in order to confirm safety, overcome
discrepancies, develop improvements and reach consensus on technical issues of common
interest. It promotes the co-ordination of work in different member countries that serve to
maintain and enhance competence in nuclear safety matters, including the establishment
of joint undertakings (e.g. joint research and data projects), and assists in the feedback of
the results to participating organisations. The Committee ensures that valuable end-
products of the technical reviews and analyses are provided to members in a timely
manner, and made publicly available when appropriate, to support broader nuclear safety.

The Committee focuses primarily on the safety aspects of existing power reactors, other
nuclear installations and new power reactors; it also considers the safety implications of
scientific and technical developments of future reactor technologies and designs. Further,
the scope for the Committee includes human and organisational research activities and
technical developments that affect nuclear safety
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Foreword

The Hydrogen Mitigation Experiments for Reactor Safety (HYMERES) Project, hereafter
identified as *“the Project”, is an international joint project under the auspices of the
Nuclear Energy Agency (NEA), with support provided by 13 countries: Canada, China,
the Czech Republic, Finland, France, Germany, India, Japan, Korea, the Russian
Federation, Spain, Sweden and Switzerland. The Paul Scherrer Institute (PSI,
Switzerland) and the Commissariat a I’énergie atomique et aux énergies alternatives
(CEA, France) acted as operating agents.

Phase 1 of the Project, between 2013 and 2016, focused on improving the physical
understanding of hydrogen release, transport and mixing in nuclear reactor containments
and studying suppression pressure pool system issues with the goal of enhancing the
modelling capabilities in support of safety assessments that will be performed for current
and new nuclear power plants.

Hydrogen is an important concern because deflagration and even detonation can occur,
which might result in a damage of the containment with a possible release of radioactive
material into the environment. Thus it is crucial to know 1) how the hydrogen mixes with
air and steam, 2) if this mixing would lead to a uniform distribution of hydrogen or, in
contrast, 3) if the hydrogen would accumulate in specific regions.

The complexity of a severe accident progression allows a rigorous analysis only by using
advanced lumped-parameter (LP) and computational tools with 3D capabilities. However,
the reliability of these computational tools requires extensive assessment and validation
activities by comparing the code results with experimental data relevant to phenomena
occurring during the accident. The lack of adequate experimental data representing the
broad range of phenomena and scenarios occurring in various LWR, ALWR and HWR
containments during postulated accident conditions is one of the hindrances in the
assessment and validation of computational tools. Furthermore, these data should be
preferentially obtained in large-scale, multi-compartment facilities to minimise possible
distortional effects resulting from scaling issues. These experiments require, especially
when 3D effects characterise the phenomena, a high resolution instrumentation, which
poses another challenge for experimental programmes addressing issues that have a high
relevance for nuclear safety. Previous experimental programmes addressed mostly basic
flows and configurations, suitable for the basis of a comprehensive database for the
evaluation of the codes. However, the validation of the codes also requires experimental
data for the more complex situations that can be anticipated to prevail in a real plant
under accident conditions. Consequently, the Project addressed new elements in the
experiments in order to provide the members with unique high quality data for code
validation purposes.

The present project summary report was prepared in order to provide the international
research community with an overview of the main outcomes of Phase 1 of the Project. It
was submitted to the NEA Committee on the Safety of Nuclear Installations (CSNI) and
to the Project participants.
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The experimental data and the Project deliverables produced during the Project were
distributed to the Project signatories. The Management Board of the Project has agreed
that these data and the final Project report of this Phase can also be released to non-
sighatory NEA member countries after the confidentiality period has expired.
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Executive summary

Hydrogen generated during a postulated severe accident with core degradation is a major
safety issue because explosive gas mixtures could form in the containment and threaten
the containment integrity.

Phase 1 of the NEA Hydrogen Mitigation Experiments for Reactor Safety (HYMERES)
Project was carried out during the period 2013-2016 with experimental investigations in
the PANDA and MISTRA facilities to further advance knowledge on hydrogen
distribution in nuclear reactor containments. Moreover, one of the PANDA series of the
HYMERES Project was devoted to suppression pool system issues. Three major topics
have been investigated during this phase of the Project:

1. Realistic flow conditions were addressed (e.g. diffused flow resulting from a jet
impinging onto walls or inner partitions), providing information for the evaluation
of basic computational and modelling requirements (mesh size, turbulent models,
etc.) needed to analyse a real nuclear power plant.

2. Experiments addressing the interaction of safety components were performed.
Different combinations of “safety elements” were studied, e.g. the thermal effects
created by one and two passive autocatalytic re-combiners, spray and cooler,
spray and opening hatches. Some of these elements were operated simultaneously.

3. The system behaviour for selected accident scenarios was addressed. In certain
reactor types (e.g. various BWR, PWR or PHWRs designs), the hydrogen
concentration evolution in the containment depends on the responses of different
components in the system.

The PANDA and MISTRA series performed within Phase 1 of the NEA HYMERES
Project are summarised in Table 1. The total number of tests indicated in the last line of
Table 1 includes the tests specified respectively for PANDA and for MISTRA. Additional
tests were necessary (and are not indicated in Table 1) to identify an optimal test
procedure, experiments to verify the repeatability and tests to clarify additional thermal-
hydraulic phenomena that are linked to the individual series.
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Table 1: PANDA and MISTRA test series

PANDA MISTRA

Separate effects/flow obstructions

Jet/plume interacting with flow obstruction HP1 HM1

Safety components/systems

Heat source with flow obstruction HP2 HM2
Two heat sources with flow obstruction HP3 HM3
Spray and cooler HP4
Thermal stratification build-up and homogenisation in a water pool HP5

Natural circulation flow induced by opening hatches and effect on
safety systems

Total number of tests 24 9

HP6

For the topics “separate effects/flow obstructions”, the series HP1 and HM1 addressing
jet/plume interacting with flow obstructions and then eroding a stratified helium layer (as
proxy for hydrogen) were performed in the PANDA and MISTRA facilities. The flow
obstruction for the jet consists in a horizontal circular disc or vertical rectangular plate
(PANDA) while the vertical cylindrical inner compartment was used for the MISTRA
tests.

For the topic “safety components/systems” the series HP2-HP3 and HM2-HM3
addressing the effect of one and two heat sources, and a jet interacting with a flow
obstruction onto the hydrogen distribution, were performed in the PANDA and MISTRA
facilities.

The same heater elements were used in PANDA for the series HP2-HP3 and in MISTRA
for HM2-HM3. The heater elements were manufactured by CEA and were used first for
the MISTRA series and were later shipped to PSI and used for the PANDA series.

The series “spray and cooler”, “thermal stratification build-up and homogenisation in a
water pool” and “natural circulation flow induced by opening hatches and effect on safety
systems” were performed in PANDA. These tests addressed issues related to the
activation of safety components in PWR (HP4), thermal evolution in the suppression pool
of BWR under venting conditions from a sparger (HP5), and complex natural circulation
in the so-called two-room containment of PWR (e.g. KONVOI and EPR™ type) and
HWR (HP6).

An effort has been made by the operating agents during the Project to optimise the
location of facility instrumentation as a function of the specific test series and considering
the needs for code validation. The Project has generated a unique experimental database
for code validation purposes. The Project participants have contributed with analytical
activities carried out with different codes to define (scoping calculations) and to analyse
(pre and/or post- test analyses) the tests. Two blind benchmarks of code analyses based
on one PANDA and one MISTRA test were carried out during Phase 1 of the NEA
HYMERES project. Five analytical workshops were organised before the Programme
Review Group Meetings (PRG3 to PRGS).
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The Project investigations have high safety relevance and contribute to increasing the
knowledge of hydrogen transport, mixing and stratification break-up induced by mass
sources and by the activation of system components such as containment sprays, coolers
or heat sources simulating re-combiners. Moreover, the tests related to thermal evolution
in a water pool under various venting conditions, including steam/hydrogen venting and
the tests addressing complex natural circulation in two-room containment, have been
defined considering specific features of some existing LWRs and HWRs. The analysis of
the experiments with various computational tools, carried out by the Project participants
during Phase 1 of the Project, allows a thorough evaluation of code capabilities and
contribute to identifying areas where additional investigations are needed (e.g. modelling
of containment internal structures, effects of radiative heat transfer, remaining issues in
pools and safety components). Based on the identified needs, the operating agents
proposed to continue the HYMERES Project with a Phase 2.

In order to enhance the reliability of the code predictions and to minimise the so-called
“user effect”, it is of paramount importance to have a continuous validation of the
computational tools. For those phenomena for which a certain maturity in the modelling
has been reached, it is recommended to perform additional blind code benchmarks for
assessing the computational tools predictive capabilities and the user effect in the
framework of Phase 2 of the HYMERES Project.

The present summary report will provide a brief description of the PANDA and MISTRA
facilities, the specific objectives for each individual series listed in Table 1 and the
significant results.
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Project outcome

Background

The containment of a nuclear power plant is the last barrier to prevent the release of any
radiologically active material in the environment. As a consequence, plant safety systems
must ensure containment integrity in all possible accident scenarios.

Hydrogen generated during a postulated severe accident with core degradation is a major
safety issue because explosive gas mixtures could form in the containment.

During the accident at the Fukushima power plant, hydrogen explosions took place in the
containment building of two reactor units. This has demonstrated on the one hand how
complex the evolution of a severe accident can be and, on the other hand, the importance
of establishing safety measures for the mitigation of the hydrogen risk. The hydrogen
(and air) distribution is a key aspect in the hydrogen hazard because flammable or
explosive mixtures could form in a region of the containment or containment building,
which could threaten containment integrity or damage systems that have safety functions.
Consequently, hydrogen mitigation measures, e.g. igniters, PARs, should be located in
those containment regions where the code predictions indicate the formation of
flammable mixtures.

The analysis of hydrogen distribution is very complex. One has to consider the hydrogen
release and transport, the mixing of hydrogen with other gases or the build-up of
stratification with steam, air or nitrogen, the condensation of steam and the re-evaporation
of water, the radiative heat transfer as well as the effect of safety components. Moreover,
various reactor types (BWRs, PWRs, HWRs, etc.) have a number of design specific
differences which have to be properly accounted for in any analysis. Also several
scenarios (e.g. fast release, long lasting station black-out, ex-Vessel scenarios) should be
analysed, considering specific reactor type features.

Advanced LP and CFD codes are valuable tools to analyse the LWR, ALWR and HWR
behaviour during (postulated) design and beyond-design-basis accidents. At present, the
extent of code assessment and validation is one limiting factor in their application for
reactor safety analyses. One of the hindrances is the lack of adequate experimental data
with the required time and spatial resolution. Furthermore, the validation process itself is
important to improve the “computational tool user experience” in analysing the
phenomena in the containment to minimise what is sometimes called the “user effect”.
For example, the recent NEA/Paul Scherrer Institute (PSI) blind benchmark based on a
PANDA test for an already simplified containment scenario has demonstrated large
discrepancies among the contributions even though some of the participants have used the
same code.

To enhance the reliability of the code predictions, the technical community is committed
to promoting a comprehensive validation of the computational tools used in containment
safety analysis, as well as to provide opportunities for continuous training and an
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exchange of experiences among those experts who are planning to use the computational
tools for the analysis of real containment scenarios.

In the framework of various projects, the results obtained in the PANDA (PSlI,
Switzerland) and MISTRA (CEA, France) thermal-hydraulics facilities were extensively
used in the last years by the research community. The HYMERES Project was carried out
with experimental investigations in the PANDA and MISTRA facilities to further
advance the knowledge on hydrogen distribution in nuclear reactor containments for more
prototypical thermal-hydraulic conditions and suppression pools dynamics, thus
extending the data base for code validation for a range of phenomena that have safety
relevance. Moreover, one of the PANDA series was performed to investigate suppression
pool system issues. The 13 countries that have participated and supported the Project are:
Canada, China, the Czech Republic, Finland, France, Germany, India, Japan, Korea, the
Russian Federation, Spain, Sweden and Switzerland.

Objective of the work

Phase 1 of the Project was carried out to improve the physical understanding of different
thermal-hydraulic scenarios linked to the hydrogen risk in containments with a focus on
hydrogen mixing and distribution in the presence of flow obstructions and safety
components, as for example heaters and coolers, all of which modify the temperature,
concentration and flow field. Throughout all the experiments in the PANDA and
MISTRA facilities helium was used to simulate hydrogen.

Compared with previous projects related to hydrogen issues, the new project includes
three new elements.

1. Realistic flow conditions were addressed. For example, a diffused flow that
results from a jet impinging onto flow obstructions like inner partitions and walls.
Thus the flow past the obstacle results from a combination of initial jet
momentum dissipation and momentum re-distribution; a flow that might
considerably challenge computational codes. For the experiments, these situations
were realised with horizontal or vertical plates (PANDA) or cylindrical flow
obstructions (MISTRA).

2. Experiments addressing the interaction of containment safety components were
performed. Different combinations of containment safety elements, their influence
on the flow field and the resulting helium distribution were investigated. For
example, the combined effect of the activation of a cooler and a spray (PANDA),
the effect of two heaters (PANDA and MISTRA) and steam venting in a water
pool through a sparger, as well as water injection in the pool by a nozzle
(PANDA) were studied.

3. Experiments that can be labelled as “containment system tests” were conducted to
study complex natural circulation phenomena in the containment. These
experiments in all four PANDA vessels considered the opening of rupture discs or
mixing dampers.

The facility characteristics, the specific objectives for each individual PANDA and
MISTRA series and the significant results are discussed in the following sections.



NEA/CSNI/R(2018)11 | 13

Work performed

PANDA is a large-scale (Figure 1), multi-compartment thermal-hydraulic facility
consisting of six main vessels with a total volume of approximately 515 m® and four
condenser systems immersed in four water pools. The overall height of the facility is
25 m. The facility can be operated in the range of 0-10 bar and up to 200 °C. All the six
vessels were used for the Project throughout the different series. For the series HP1, HP2,
HP3 and HP4 Vessel 1 and Vessel 2 were used. For series HP5 Vessel 3 and for series
HP6 Vessel 1, Vessel 2, Vessel 3 and Vessel 4 were used. The height of Vessel 1 and
Vessel 2 is about 8 m and the diameter of each Vessel is 4 m. The height of Vessels 3 and
4 is about 10 m and the diameter also of about 4 m. The remaining two PANDA vessels,
depicted as RPV and GDCS, were used as steam generator (RPV) or as water reservoir
(GDCS).

MISTRA is a large-scale thermal-hydraulics facility (Figure 2) consisting of a main
vessel with a free volume of 97.6 m® an internal diameter of 4.25 m and a height of
7.38 m. The maximum operating conditions are six bars with a mean gas temperature of
150 °C (200 °C at the steam injection nozzle).

The PANDA and MISTRA series performed within the Project can be found in Table 1.
Thirty three tests are specified in the Project agreement; twenty four tests in PANDA and
nine tests in MISTRA. The total number of tests given in the last line of the Table 1
includes the tests specified in the Project. Additional tests were necessary (and are not
indicated in Table 1) to identify an optimal test procedure, experiments to verify the
repeatability and tests to clarify additional thermal-hydraulic phenomena.
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Figure 1.1. 3D view of the four PANDA vessels with connection pipes for the HP6 series
addressing complex natural circulation in two-room type containment.
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Figure 1.2. MISTRA facility

Overview of the geometry (left) — Mini-katharometer design (centre) —
two heaters fixed on the flat cap of the MISTRA facility (right)

For the topics “flow obstructions” (series HP1 and HM1) as well as for “heat sources”
(HP2/3 and HM2/3), experiments were defined for both PANDA and MISTRA facilities.
The flow obstruction for the jet consists in a horizontal circular disc or vertical
rectangular plate (PANDA), while the vertical cylindrical inner compartment was used
for the MISTRA tests. The same heater elements were used in PANDA for the series
HP2/3 and in MISTRA for HM2/3. The heater elements were manufactured by CEA and
were used first for the MISTRA series and were later shipped to PSI and used for the
PANDA series.

PANDA facility modifications

The PANDA facility was used to conduct six experimental series (HP1 to HP6, Table 1).
Each series required facility modifications. To mention just the most relevant adaptions,
these modifications included:

various flow obstructions and injection lines for the HP1 series;

the heater elements and vertical condenser for the HP2/3 series;

the spray nozzle and the cooler systems for the HP4 series;

the sparger, nozzle systems and three new PIV windows for the HP5 series;

the design and manufacturing of various tubes for the representation of the two-
room containment for the HP6 series.

Additionally, these experiments required upgrading the control system and adapting for
each series the number and the locations of the sensors for temperature and gas
concentration measurements to obtain an optimal sensor grid resolution. For series HP5,
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Vessel 3 was equipped with three windows to perform PIV and high speed recordings in
the water pool. New seeding techniques were developed and implemented to measure
flow velocities in a two phase flow environment (HP5) and for gas flows entering heaters
with a 500 °C surface temperature (HP2/3).

MISTRA facility modifications

For the HML1 series, a new horizontal lateral injection line was built and connected either
to an independent hot air injection system or to the main steam injection line coming from
the MISTRA boiler. To position the additional instrumentation appropriately in order to
monitor the lateral injection, a separate effect test facility was constructed: the MAKET
experiment, representing half of the upper part of the MISTRA facility at full scale. In
these tests, the steady-state flow pattern and the 3D temperature field during lateral
injection of hot air were characterised. Finally, two thermal re-combiners manufactured
for the ERCOSAM European Project were also used for the HM2 and HM3 series. These
devices were loaned to PSI for the HP2 and HP3 series.

“CFD-grade” requirements results in a large number of measurement points to have a
better understanding of the complex phenomena occurring during these tests.
Consequently, a greater number of katharometers positioned on three vertical masts
allowed the finer tracking of the mixing transient for air/helium mixtures during the three
series. Developments and tests were also initiated to miniaturise and make these devices
less intrusive. Moreover, measurements of velocity using hot wire probes were performed
to characterise velocity profiles at the exit of the lateral injection pipe; data essential for
the validation of the CFD models, and to obtain some velocity measurement points in the
HM1-1 used for the comparison with the calculations performed in the benchmark
exercise.

Analytical activities

The Project participants accompanied the test campaigns in PANDA and MISTRA with
analytical activities performed with a variety of computational tools. The activities
included scoping calculations to select the test conditions and the analysis of specific
tests. Analytical workshops were conducted as an integral part during the last five
Programme Review Group Meetings — even though not being an official part of the
Project. Based on PANDA and MISTRA experiments, two successful blind benchmarks
were carried out during the Project. The analytical activities performed so far have
already proven the suitability of the data for the assessment and validation of advanced
LP and CFD codes. Areas where further experimental investigations are needed were also
identified.

Results and their significance

The experimental program carried out in the frame of the Project has high safety
relevance for LWRs/ALWRs/HWRs. It contributes in particular to expand the knowledge
on thermal-hydraulic phenomena related to the hydrog