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Abstract
The actual benefit, in terms of improved safety, of implementing specific counter-measures
to deal with the issue of hydrogen in the containment of a given type of PWR, under severe
accident conditions, should be assessed in as realistic a way as feasible before a decision
is finalized. Existing methodologies, based on current codes and data bases, are expected
to provide a first-degree assessment, with specif input data and models intended to
compensate for physical uncertainties. The IPSN has launched a comprehensive research
and assessment program on such key hydrogen behavior uncertainties. A state-of-the-art
realistic assessment of hydrogen production has been recently prepared by the Institute.
Regarding hydrogen evolution and distribution in the containment, priority is placed on sub-
compartments, where high hydrogen concentrations could result in detonation, either
directly or through a deflagration-to-detonation transition. In a first step, efforts are being
directed towards setting criteria which delimit the non-transition realm for representative air-
steam-hydrogen mixtures at high temperature; IPSN participation in the RUT experiments is
expected to provide relevant data. As to a better assessment of the hydrogen distribution
between sub-compartments, as well as to the pressure-time history onto the walls in the
event of either a deflagration or a detonation, the new 3-D, meshed TONUS code is
currently being developed at CEA for IPSN, partially based on models already existing in
the TRIO-EF/VF, CASTEM 2000 and PLEXUS codes. Some highly important thermal-
hydraulic models, like those for wall condensation and aspersion, will be validated by
various analytical experiments and by specific tests under representative severe accident
conditions in the projected IPSN TOSQAN facility at Saclay. The TONUS code should also
provide guidance for an optimized positioning of hydrogen measuring devices and/or of
hydrogen depleting devices like recombiners, should the decision be made to install them.
As the utility has envisioned the possibility of installing recombiners on its PWRs of the P'4
and N4 series, the IPSN has simultaneously launched an experimental program to verify
that some existing measuring devices and/or recombining systems can remain efficient
under severe accident conditions, and do not cause adverse effects: the H2PAR facility at
Cadarache should provide such representative environments, with fission product
simulants, to complete their characterization.

1 The Hydrogen Risk on Current and Future PWRs

1.1 Identification of IPSN needs

Severe PWR accident studies have been carried out during past years in many countries,
for improving risk prevention and mitigation, as well as accident management operational
means; these studies indicated the possibility of an early containment failure resulting from
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a rapid combustion of hydrogen released into the containment after the onset of core
damage (containment « gamma » mode of failure according to WASH-1400). Qualitative
IPSN assessments performed at the end of the 80's tend to prove that such a risk is highiy
improbable on French PWRs. Nevertheless, it appeared necessary to quantify more
accurately the risks of such a gamma failure mode, so as to place the IPSN in a strong
position to assess the safety files on current PWRs or future projects, and in particular to
judge the interest of additional mitigation devices. So as to enhance its expertise
capabilities on key hydrogen issues under representative PWR severe accident conditions,
the IPSN has launched a dedicated R & D program, comprising both experimental research
and modelling. This program has been deliberately set in the context of an extended
partnership, first in France with the utility Electricite de France, but also abroad, with
organizations involved in hydrogen research, such as FZK, GRS, the Kurchatov Institute,
COG/AECL and NUPEC. Such a partnership, along with international expert seminars, like
the present one organized by OECD/CSNI, is expected to promote a worldwide basis for
the application of research and expertise work carried out everywhere.

As mentioned above, IPSN studies on hydrogen behavior aim at providing its safety
analysts with adequate technical basis, so they can properly assess hydrogen risk in the
safety files concerning current reactors and future projects; more specifically, the resulting
improvement in knowledge should aid in the accomplishment of the following duties:
a) the assessment of the risk of containment early failure by hydrogen combustion
(« gamma » failure mode) on reactors currently in operation; the relevant probabilistic risk
assessment is part of the level-2 probabilistic safety study on French 900MW(e) PWR units
initiated by the IPSN in 1994;
b) the assessment of the way this risk is addressed by the utility in its safety files; such an
assessment is achieved in the framework of the overall safety analysis of the operating
reactors for severe accidents; it is apparent that this task will involve extensive comparisons
with the most recent trends in international practice based on updated knowledge, which
implies regular contacts and exchanges with foreign organizations like GRS, AVN, USNRC
or NUPEC and expert groups which advise the safety authorities;
c) the assessment of technical proposals by the utility and/or the vendor to deal with the
hydrogen risk on current and future reactors, in particular the European Pressurized Water
Reactor (EPR);
d) the proposal of directions for optimized PWR safety improvements in the field of
hydrogen: an improved understanding of the physical phenomena should result in a better
prioritization in the search for means to prevent or mitigate the hydrogen risk.

1.2 Assessment tools currently available at the IPSN.

The codes currently available for the assessment of the hydrogen risk are the following:
a) « Point» codes, either single- or multiple-volume codes, embedded in large code
systems, for the quantification of the hydrogen behavior during a PWR severe accident
sequence: among these, the JERICHO code of the system of codes, and other codes of
the same type, such as RALOC, MELCOR,... available in the framework of international
exchange agreements. These codes are not designed to provide a description of local
phenomena or dynamic effects: their purpose is simply to calculate a fission product
« source term » i.e. a fission product release, typical of a given category of accident
scenarios and defined on the basis of global assumptions about the thermal-hydraulic
behavior of the containment; such assumptions should in the future be supplied or
validated by more mechanistic codes, which are coherent with available experiments.
b) Multi-dimensional codes, specialized in the assessment of specific risks; among them:
TRIO-EF and TRIO-VF for hydrogen distribution and stratification phenomena, PLEXUS for
hydrogen detonation.
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These codes feature a detailed description of the physical phenomena of concern;
nevertheless, their validation requires large-scale experiments with extensive results at
specific locations, which are not currently available experimentally with the required degree
of detail; in addition, there is no fully appropriate coupling methodology for related
phenomena, e.g. for accounting for the initial thermal conditions of the containment in the
hydrogen distribution codes; lastly, there is currently no mechanistic model for accelerating
combustion and/or turbulent flames in the codes available.

1.3 The physical phenomena concerned. Major uncertainties affecting the safety
assessments.

The physical phenomena to be properly quantified for an appropriate assessment of the
hydrogen risk under severe PWR accident conditions comprise hydrogen generation, its
time-dependent evolution and distribution in the containment, hydrogen deflagration and its
possible transition to a detonation, containment response to the various types of explosion
and the behavior of instrumentation and important systems in accident management.

Regarding the hydrogen generation issue, zircaloy cladding oxidation by steam is the
dominant source of hydrogen for severe arrested in-vessel accidents; the amount of
hydrogen resulting from the total oxidation of the zircaloy inventory of the core is known; for
partial core melts, there is a significant uncertainty over the amount of hydrogen produced
due to the relatively poor knowledge of the core behavior during the late slumping stage:
this results in uncertainties regarding the interacting surface area for the Zr-H2O, hydrogen
generating reaction once the initial geometry of the core has been lost. In-vessel oxidation
of the other metals constituting the vessel internals, and of the corium depends on the
temperatures reached locally; uncertainties also exist on the flammable ex-vessel gas
generation rate during the so-called « high temperature » interaction stage between the
corium and the basemat concrete, which is expected to last on the order of fifteen minutes,
as an order of magnitude; nevertheless, the total amount of hydrogen generated after a
given interaction time between corium and concrete is well known. Water radiolysis and
metal oxidation in the containment are relatively negligible contributors in the short term, i.e.
a couple of days, in the event of a severe accident. In conclusion, it is apparent that, for a
correct assessment of the hydrogen risk, the proper evaluation of the amount of this gas
generated during the in-vessel core melt stage is a major issue. Gaining additional
knowledge on this matter is closely dependent on R & D activities concerning in-vessel core
degradation. In the short term, it appears that the elaboration of a comprehensive state-of-
the-art report on in-vessel phenomena should constitute an appropriate first response; such
a report should review the lessons learned from the various past experiments and highlight
typical values to be used for hydrogen generation. In a subsequent stage, the hydrogen
generation rate could be another issue to be settled; it might affect the number and/or the
design of recombiners, should this mitigating system be proposed.

Regarding the hydrogen and steam distributions in the containment, the issue posed by the
French PWRs in operation is the risk of high transient hydrogen concentrations in some
sub-compartments, possibly leading to a deflagration-to-detonation transition; the lumped
parameter codes currently available lack the capacity to describe stratification phenomena
or hydrogen distribution in multiple-compartment geometries, whereas multi-dimensional
codes are inappropriate to conveniently describe all the thermal and geometric features of a
PWR containment, which would require a time-consuming elaboration of the data set. As to
the validation of both types of code, in view of their reliable application to the reactor case,
no currently existing experiment appears to be sufficienty representative, nor has the
extensive instrumentation required for such a task: reactor application problems comprise
extrapolation capabilities as regards scale, timing of the accident scenario and the
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complexity of initial boundary conditions on a reactor. If supplementary systems were to be
proposed, to be effectively positioned in the containment for improved hydrogen risk
management, such as on-line hydrogen measurement or depleting devices, qualified
computational means to assess the time-dependent hydrogen concentration in the
containment would be of prime value for the demonstration of the appropriateness of the
lay-out. Regarding the assessment needs on currently operating reactors, the priority is to
be placed on containment sub-compartments, where a local evolution of hydrogen could
result in concentrations high enough to allow a transition to a detonation.

As concerns hydrogen deflagration, the relevant limits in ternary hydrogen-air-steam
mixtures are well established and are not significantly sensitive to the geometry of the
boundaries in the range of volumes of concern. Among uncertainties which influence the
risk assessment are: a) the likelihood of a spontaneous ignition when the mixture lies in the
flammability range of the Shapiro diagram, which affects the hydrogen amounts
accumulated before a potential explosion, and b) the possibility of a partial combustion at a
high steam rate (30 to 60% vol. of the mixture), initiated by a spark or a hot jet of gas.

The mechanical impact of a hydrogen detonation can be assessed by means of fluid-
structure, rapid dynamics interaction codes, such as the CEA PLEXUS code, currently in its
final stage of validation. Contrary to the deflagration case, the consequences of a
detonation may be strongly dependent on the initiating scenario, mainly the position of the
initiator in the containment, due to the multiple reflections of shock waves on the internal
structures: this implies the study of a large number of accident scenarios. From a practical
standpoint, the potential severity of the effects of a detonation directs the designers and
operators towards preventive actions which tend to avoid such events. Currently, the major
remaining uncertainty concerns the possibility of establishing a hydrogen detonation regime
by flame acceleration mechanisms: such a deflagration-to-detonation transition (DDT) has
not yet been property modelled; available models in France and abroad still lack validation
as regards the scaling-up and the extension to complex geometries, so that reliable and
non-conservative criteria for DDT cannot be established in terms of hydrogen concentration
and geometric boundaries. In short, it is apparent that the key issue for significantly
improving our current knowledge on the risk of explosion lies in the flame acceleration and
DDT arena. Fully qualified modeling of such phenomena is expected to be a long-term
objective, and, for the time being, research efforts could focus on criteria, intended to be
valid at the reactor scale, to avoid such a DDT.

As regards the containment behavior, the issue is its leaktightness, both for current parts
and singularities, resulting from its thermal-mechanical response to temperature and
pressure loads that may arise from the various possible hydrogen combustion regimes.
Such behavior is also to be assessed in the case of the impact of missiles resulting from
subcompartment or equipment failures.

Concerning the behavior of the instrumentation and systems important for accident
management, the objective is to maintain monitoring, and keep control of the containment
leaktightness under accident conditions.

From an operational standpoint, the proposals of the plant operators regarding specific
hydrogen risk management systems have to be analyzed, in order to assess their capability
to property function under severe accidents conditions. Such systems may comprise on-line
devices for the measurement of the hydrogen concentration in the containment, which have
been qualified for design-basis accidents only, but need further testing to ensure their
reliability under representative severe accident conditions. In addition, the number and the
positioning of the hydrogen measurement devices will have to be optimized by the utilities,
so as to permit the detection of high local concentrations. Independent technical elements
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and methods will have to be acquired or elaborated to allow the IPSN to properly assess all
the utility proposals. Other systems proposed may be mitigation systems, such as ignitors or
hydrogen recombiners. Such mitigation systems have usually been qualified by the
manufacturer for a variety of severe accident conditions; further qualification may
nevertheless be required. For example, regarding catalytic recombiners, using tiny porous
layers of platinum or palladium on substrates, aging during the normal plant operation is an
issue, as well as the early poisoning of the catalyst by airborne chemicals in the
containment, including volatile fission products resulting from the severe accident scenario.

1.4 Objective-oriented research prioritization

IPSN priorities are established in line with two orientations: a) risk assessment, and b) the
search for and evaluation of operational means to mitigate and manage the hydrogen risk.

Risk assessment provides technical data which allow a more pertinent analysis of: a) the
interest of counter-measures in mitigating the hydrogen risk on the various types of
operating reactors or designs for the future units, and b) the dimensioning of future
reactors.

The above discussion on the major uncertainties affecting the physical phenomena of
concern demonstrates that priority should be placed on gaining some additional specific
data.

Regarding the hydrogen distribution in the containment, the objective of the research is to
obtain experimentally, on a medium scale, the appropriate data for the validation of specific
important models for a multi-dimensional code to be developed at the IPSN: such models
address steam condensation onto the walls, in the presence of condensible gases,
condensation on falling droplets of a water high density spray, and airborne fission product
removal by water spraying. The design of the experiments will have to be representative of
important reactor and accident features, and extensive and dedicated instrumentation will
have to be used, so as to complete existing data from other experiments, as in HDR, at
NUPEC or BATTELLE.

As concerns ignition, hot gas jet ignition tests, sponsored by the utility Electricrte de France
at CNRS-Orieans, as well as USNRC tests at SNL on ignition under operating spray system
will enlarge the data base used. Nevertheless, the phenomena of flame acceleration,
possibly resulting in a detonation, need to be further investigated experimentally on a scale
and in a set of volume arrangements as representative as possible of the reactor case. The
various steps of such a study could be the following. First, the investigation of the hydrogen
concentration range for which a DDT cannot be reached for hydrogen-steam-air ternary
mixtures in a large-scale geometry; second, the development of a code or of a code
system, with physically qualified models and adequate numerical methods, able to calculate
the sequence of phenomena including the hydrogen distribution in the containment,
turbulent combustion, flame acceleration and detonation; third, the identification of existing
DDT models, the development of improved ones, when appropriate, and their testing in the
above codes; fourth, the specification and the performance of deflagration tests at full scale
in a model of reactor subcompartment.

Regarding the assessment of consequences, the effects of hydrogen combustion on fission
product behavior in the containment, and on containment integrity should be further
examined.

As concerns the search for and the evaluation of operational means to mitigate and
manage the hydrogen risk, efforts should be devoted to on-line hydrogen measurement
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devices and mitigation systems. For measurement devices, the IPSN objective is to analyze
the potential interest of various developing concepts, which can be proposed by the utility
for demonstrating its capability to properly monitor the development of the accident
conditions in the containment. As regards the mitigation means, IPSN's major concern is to
investigate if the hydrogen catalytic recombiners, currently being considered by the utility for
a possible equipment of some types of nuclear units, are not vulnerable to poisoning in an
airborne chemical environment resulting from a severe accident; when fully qualified, such
recombiners could constitute an efficient hydrogen risk mitigation means, theoretically not
prone to negative effects when in operation.

2 The IPSN Hydrogen Research Program. National and International Cooperations [1]
[2].

Table 1 summarizes the currently envisioned agenda of the IPSN hydrogen research
program.

2.1 Hydrogen generation

A key issue, for the realistic evaluation of hydrogen risk and the appropriateness of
mitigation systems is to provide a realistic assessment of the hydrogen production and of its
production rate. This is to be carried out for various core-melting scenarios terminating in
vessel failure. A draft, comprehensive state-of-the-art report [3] has been elaborated by the
IPSN, to derive best-estimate values and outline remaining uncertainties and as yet
unspecified items to benefit from further research. The major conclusions of the draft report,
currently submitted to AVN for a critical review, may be summarized as follows, pending the
conclusions of the analysis. The final version is expected to be issued later in English,
possibly incorporating revisions and complements.

In stage 1 of core degradation, which is defined as the stage encompassing ail phenomena
from incipient core heating-up to metallic compound relocation (stage 2), that is, prior to any
change in core geometry change, hydrogen generation depends on the oxidation kinetics
and the available steam flow-rate. For this stage, code models display a high degree of
similarity, and the relevant oxidation laws are in agreement with the results of representative
experiments: hydrogen production can be predicted with a fair level of confidence. At the
transition between stages 1 and 2, sensitivity studies carried out with the VULCAIN code
demonstrate that the thermal-hydraulics of the reactor core and in the primary circuit govern
hydrogen generation. A high primary pressure results in limited zircaloy oxidation. If there is
some steam condensation in the steam generators, core degradation may be different and
hydrogen generation may be higher.

Stage 2 deals with the phenomena involved with metallic compound relocation, prior to
ceramic phase relocation. The main uncertainties concern: a) UOZr properties (phase
diagram and oxidation kinetics), and b) the relocation of metallic phases.

During the relocation of the ceramic phases (stage 3), further uncertainties appear, in
connection with: a) possible channel blockages, b) the radial development of a corium pool,
c) the assessment of surface areas prone to be oxidized, in particular for debris beds, d) the
oxidation of steel structures, and e) the modelling of fission product release, which affects
the energy source. The models used in existing codes appear to be empirical, rather than
mechanistic: many inputs have to be chosen by the users. The extrapolation to, full reactor
size, of models qualified on the basis of experiments may prove inconvenient due to poor
representativity as regards the geometry, and to the procedures used to terminate the
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experiments. Attempts to properly recalculate the TMI-2 accident scenario before water
injection highlight the difficulties inherent to such predictions.

Stage 4 addresses the last stage of core degradation, from the corium relocation in the
lower plenum to vessel melt-through. During this stage, the main uncertainty concerns the
amount of materials available for oxidation. As regards zircaloy, only high pressure cases,
or rapid kinetics cases after reactor shutdown, may result in extensive non-oxidized
masses: hydrogen generation is then limited, first by a low rate of oxidation kinetics, then by
steam starvation. Steel may increase the inventory of potentially oxidizable materials if the
melting of the core support plate is taken into account. The most important stage as regards
hydrogen generation is the corium relocation in the bottom head of the vessel when water is
present. The hydrogen generation is limited by: a) the amount of non-oxidized material
available, b) the amount of steam which can be produced, and c) the degree of corium
fragmentation. When the corium is relocated in the bottom head of the vessel, the amount
of steam generated is limited by the quantity of steam which can contribute to the oxidation.
In assessments, the duration of stage 4 depends on the model chosen for the vessel
failure. As regards stage 4, the amount of hydrogen generated cannot be accurately
quantified by codes; only empirical models based on analytical experiments enable some
assessments to be made in the framework of sensitivity studies.

Hydrogen generation, in the case of reflooding during stage 1, cannot currently be
quantified, either in terms of generation rate or total amount produced. Nevertheless,
degraded core experiments such as LOFT or CORA displayed a considerable hydrogen
generation. According to the TMI-2 accident analysis, reflooding resulted in the generation
of about 160 kg of hydrogen which could not be predicted by the codes used. Reflooding
may result in the formation of a debris bed due to the mechanical failure of embrittled fuel
rods, depending on the time elapsed since the onset of the accident. The paucity of
experimental data does not permit even a qualitative understanding of the phenomena at
work in subsequent stages of core degradation.

In short.if the hydrogen production from core heat-up and incipient melting is well
understood, later phases need further developments, which are directly linked to core
degradation experiments and their modelling (interpretation of PHEBUS FTPO test with the
ICARE code). The core slumping and its interaction with the remaining water in the bottom
head of the vessel is also a source of uncertainties, but it is strongly dependent on the
earlier phases of core degradation and oxidation. Finally, it is clear that the major problem
for some scenarios is the quantification of hydrogen production in case of reflooding. Some
experiments (CORA 13, LOFT-FP2) and the TMI2 accident analysis indicate the importance
of this phenomenon and the deficiencies of the codes in this field. More experimental work
(FZK Quench facility) and theoretical investigations are needed in this field.

2.2 Hydrogen distribution

Studies concerning the distribution and potential stratification of hydrogen are carried out
using mainly lumped parameters codes. In the eighties, the IPSN has developed a tool to
analyze the behavior of PWR containments under severe accidents conditions: the multiple-
compartment JERICHO code of the ESCADRE system. Priority is currently placed on
hydrogen distribution assessment in sub-compartmentalized volumes, where higher
hydrogen concentration could result in damaging detonative processes.

Moreover, in connection with the layout of mitigation systems, computer simulations of
hydrogen distribution in large volumes have to be improved. This is the aim of 3-D codes
under development: TONUS at IPSN and ESTETIC at EDF.
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The objective of the TONUS code (Figure 1) is to integrate, in a unique and coherent tool,
the existing knowledge on the thermal and mechanical behavior of a PWR containment
under severe accident conditions. In a first step, modelling will address hydrogen
distribution and combustion behavior, whereas the containment dynamic response of the
containment to an explosion will be provided by the PLEXUS code.

The diversity of the phenomena to be modelled, the necessity of a strong coupling of the
models for these phenomena and the choice of having the code equally suitable for two
kinds of users, programming engineers and assessment engineers, have led to the use of
the CASTEM 2000 structure as a development basis.

Regarding the containment gas mixture, the method consists in calculating, in the volumes
of the multiple compartment geometry, mean values of parameters such as the pressure,
the volumic gas mass, various gas concentrations, the temperature, the mass of liquid
water and its temperature; flows between compartments are calculated in connecting
elements. The system of equations is derived from the balance equations for mass, quantity
of movement and energy in the control volumes. In addition, the wall temperatures of
concrete and steel surfaces involved in steam condensation are also calculated. As for the
modelling of physical phenomena, the models of JERICHO will generally be used.

Steam condensation onto the walls in a mixture of steam and non-condensible gases is a
phenomenon of prime importance, as, along with the injection parameters, it governs the
gas flow patterns in the containment. Three approaches can be used to model steam wall
condensation: correlation laws resulting from experiments, e.g. the Tagami-Ushida
correlation, which depend on geometry, correlations derived from a mass-heat analogy,
such as the Chilton-Colburn correlation, which are independent of the geometry, and the
resolution of the coupled heat and mass transfer equations, which implies a detailed
meshing of the fluid volume near the wall, essentially inadequate for carrying out safety
calculations: the two First correlations will be introduced in TONUS in a first stage.

Regarding the combustion of hydrogen and carbon monoxide in the containment, a model
will be used, based on the flame velocity for 0-D approaches. In the meshed volumes, a
model of homogeneous, two-phase, compressible fluid will be used; this can be justified by
the fact that the mean pressure in the containment is about 5 bar, and, under these
conditions, the volumic fraction of liquid water will be small and in the form of small droplets.
Non-condensible transport equations will be added to conserve the mass of these species.
Turbulence and multi-dimensional combustion modelling will be introduced. Gas
stratification, if present, is directy calculated in the multidimensional description of the
geometry. Pre-inerting of the containment by a non-condensible gas, such as nitrogen, or
attempts of post-inerting by injection of such gases are taken into account as long as initial
gas concentrations or the inerting gas injection rate are provided.

A first version of TONUS, for internal use, is expected to be completed by the end of 1996:
it will be a multi-compartment, multi-D version, incorporating the detonation model provided
by the PLEXUS code and combustion models; a first qualification of convection models
should be carried out at the end of 1997, based on available experiments, whereas a full
qualification of TONUS, based in particular on the TOSQAN tests, is expected at a later
stage.

The validation of such codes needs further experimental results. An analytical experiment
COPAIN (CEA/DRN) is designed to determine the heat transfer during steam condensation
onto a two-meter high, vertical wall under natural or mixed convection regimes in the
presence of non condensible gases. This experiment will be operational in 1996; tests and
relevant interpretation should continue through 1999.
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The validation of the condensation models onto walls, and also on falling water droplets
from an operating spray system, and of distribution models will be performed in a semi-
analytical facility of about 8 m3, the TOSQAN facility in IPSN laboratories at Saclay. Such
validation needs to be achieved under conditions which are representative of those
prevailing in a reactor containment during a severe accident. Measurements of the
condensing flow near the walls of the TOSQAN facility should provide data to ascertain the
adequacy of the Uchida and Chilton-Colbum correlations to be introduced in the TONUS
code.

The design of the TOSQAN facility is based on the following considerations. The height
(about 5 m) has been selected to allow for water spraying experiments, complementary of
the CARAIDAS tests. In these tests, a fall height of about 3 m appeared necessary to
produce a stable flow regime of droplets. Its diameter is limited to about 1.5 m: this results
from the laser anemometry technique which will be used for obtaining local values in the
gas velocity field, close to the condensation wall. The positioning of the steam and helium
injection nozzle can be adjusted between 3 to 5 m under the dome, so as to avoid any
interaction between the rising plume and the vessel walls. Two-meter high condensation
zones have been situated in the upper part of the vessel, whereas all the walls are
temperature regulated. Two types of gas flow patterns will have to be simulated in
TOSQAN: turbulent, natural convection, representative of the containment situation, and
also a forced convection regime which can be encountered in sub-compartments: these
regimes can be obtained by regulating the gas flow velocity at the injection nozzle.
Currently, the TOSQAN project is in its specification stage as regards its dimensioning and
instrumentation: the contaiment aspects, of the severe accident scenarios to be simulated
on French PWRs are being examined; investigations about the feasibility of various
methods for measuring the fields of concentrations near the walls are on-going. According
to current estimates, the first tests in the TOSQAN facility are scheduled for 1998.

2.3 Hydrogen combustion

High temperature flammability studies have been carried out by EDF in collaboration with
the CNRS at Orleans: various air-H2-steam mixtures in the 20M3Q°C temperature range,
were ignited by a hot (> 1500°C) gas jet produced by a shock tube. The results indicate that
the flammability limits of such ternary mixtures are broadened as the jet temperature
increases.

Priority is now placed on flame acceleration mechanisms and on the deflagration-to-
etonation transition (DDT), which could possibly occur in the containment sub-
compartments. Complex scaling effects are expected to preclude the implementation of a
full modelling of transition phenomena in the coming years; accordingly, as a first step,
research efforts will be focused on criteria for preventing any DDT.

A joint research program, based on relatively large-scale (500 m3} DDT experiments
including partial steam pressure is currently being performed in the RUT facility in Russia
[4]. The main objectives of this program, supported jointly by the IPSN, FZK, and the
Kurchatov Institute, are:
• to determine the transition limits for various homogeneous, air-hydrogen-steam mixtures;
• to verify the adequacy of a DDT criterion, deriving from the analysis of previous
experiments; such criterion is L = 7*X, where L is a dimension, representative of the size of
the test facility, and X is the size of the detonation cell of the mixture.
• to study turbulent flame behavior and the resulting loads for this type of mixture
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Six tests with ternary mixtures have been already performed with various H2/(H2+air) ratios,
encompassing the expected « critical » value for a DDT, for given H2O concentrations,
resulting - or not - in a DDT. A comprehensive report is to appear by the end of June 1996,
and the physical interpretation will continue in 1997. The program of the next test series is
currently being finalized by the partners, joined by USNRC. One possible direction for
research is to extend investigations on the DDT limit to higher hydrogen and steam
concentrations, so as to obtain a full picture of the transition limit in the realm of interest.

2.4 Structure response

Concerning detonation, the PLEXUS code calculates the propagation of a shock wave in
the containment and its interaction with structures. The PLEXUS code will be further
validated with FZK shock tube experiments. The new TON US code will incorporate some
PLEXUS models calculating the thermal and mechanical loadings, but the structural
response should continue to be calculated by the PLEXUS code, or CASTEM for quasi-
static loadings, for the time being.

2.5 Mitigation. Hydrogen catalytic recombiners.

As previously mentioned, the TON US code should provide guidance, in the late nineties, for
an optimized positioning of hydrogen measuring devices and/or hydrogen depleting devices
like recombiners, should their potential for significantly improving the level of safety be
established on technical grounds for specific reactor designs. Pending the full qualification
of TONUS, if an early decision were to be made to install catalytic hydrogen recombiners on
some types of French PWR units, theoretical investigations using less accurate but
available codes like JERICHO or RALOC, along with well-founded engineering judgment,
would be necessary to determine the main flow paths of the gases in the containment
relevant to the optimum position of the catalytic recombiners. In addition, a full
demonstration of how effectivectively such systems work during accident scenarios should
be carried out. Some catalytic recombiner testing under severe accident conditions
(including spray actuation) is performed in the KALI facility (CEA/CADARACHE).

The potential poisoning mechanisms of catalytic recombiners in adverse environments
representative of severe accidents conditions will be studied in the H2PAR facility at
CEA/CADARACHE (IPSN). These tests, which use a representative choice of fission
product simulants, should begin in 1996 and be fully completed in the year 2000. The
twenty-four fission product or core material simulants of interest, in the form of aerosols and
vapors, will be generated by the high-temperature (up to 2900 °C) POLYR induction
furnace. The test matrix, as currently envisioned, comprises preliminary tests for aerosol
characterization, to be compared with HEVA-VERCORS and PHEBUS-FP results, and full-
scale experiments, first, without aerosols, to qualify the H2PAR facility and establish the
« reference » catalytic efficiency regarding hydrogen removal, and second, tests with
aerosols and vapors, to assess the sensitivity to poisoning of the catalyst, whether cold or
hot. The results of those experiments (KALI, H2PAR) will be integrated in improved catalytic
recombiner models used in thermal-hydraulic containment codes.

3 Conclusion

The IPSN has launched a comprehensive research and assessment program on key
hydrogen behavior uncertainties that may strongly influence the decision, whether or not to
implement counter-measures to deal with the issue of hydrogen risk in the containment.
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As regards the realistic assessment of hydrogen production kinetics and cumulative
amount, together with its release conditions into the containment, a significant analysis
effort has been developed at IPSN, taking into account the latest data available and the
relevant reactor specificities. Large variations appear to exist, depending on the accident
scenario; uncertainties due to oxidation models or 3-D effects in the core are significant.
The uncertainties on hydrogen generation, after corium relocation in the bottom head of the
vessel also depend on the amount of structural materials, such as the steel of the support
plate, that are mixed with the core materials. In addition, the impact of core reflooding on
hydrogen generation in the early stages of degradation can only be derived qualitatively
from specific experiments. In conclusion regarding hydrogen generation, relatively rapid
kinetics may be expected in the early stages of the accident scenario, governed by the
steam flow rate available for leaching exposed high temperature zircaloy surfaces, followed
by a slower oxidation of the corium, in relation to oxidizable material availability (including
structural materials), exposed surfaces (relatively low surface/volume ratios for the corium),
and steam availability. The physical assessment of the hydrogen generation rate can be
expected to be out of reach for a long time in reactor calculations. Only rough cumulative
amounts can be estimated for the various stages of severe arrested in-vessel accident
scenarios, with the greatest uncertainties appearing as soon as the corium relocates to the
bottom head of the vessel, until it is ultimately cooled down. Efforts are still to be made on
production for the late core degradation phase and core reflooding. Further code
developments in relation with core degradation experiments are necessary, and validation
of in-vessel flooding models in degraded geometries has to focus on hydrogen production
phenomena.

As regards hydrogen distribution, and a possible stratification risk, the IPSN TON US,
physical code, currently under development, should provide guidance, in the late nineties,
for an optimized positioning of hydrogen measuring devices and/or hydrogen depleting
devices like recombiners, should the decision of installing them be taken for specific reactor
designs. Pending TONUS development and qualification, were an early decision to be
made to install catalytic hydrogen recombiners on some types of French PWR units,
theoretical investigations using available codes like JERICHO or RALOC, along with a well-
founded engineering judgement, would be necessary to assess the main flow paths of the
gases in the containment, relevant to the optimum location of the catalytic recombiners.

Nevertheless, regarding hydrogen evolution and distribution in the containment, priority is
placed on sub-compartments where high hydrogen concentrations could result in a
detonation, either directly, or by deflagration-to-detonation transition.

Concerning DDT, it is apparent that a full comprehension of the transition phenomena,
supported by validated flame acceleration mechanisms, would entail years of sustained,
dedicated research; therefore, priority has been placed on setting criteria which delimit the
non-transition realm for representative air-steam-hydrogen mixtures at high temperature;
IPSN participation in the RUT experiments, in collaboration with FZK, USNRC and the
Kurchatov Institute, is expected to provide shortly comprehensive data for establishing a
criterion excluding any DDT, for realistic severe accident conditions.

As to a better assessment of the hydrogen distribution between sub-compartments, as well
as to the pressure-time history onto the walls in the case of either a deflagration or a
detonation, the new 3-D, meshed TONUS code is currently under development at CEA for
IPSN, based partly on models already existing in the TRIO-EFA/F, CASTEM 2000 and
PLEXUS codes.
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Some highly important thermal-hydraulic models, like those for wall condensation and
aspersion, will be validated by various analytical experiments and by specific tests under
representative severe accident conditions in the projected IPSN TOSQAN facility at Saday.
TONUS is expected to be operational and appropriately qualified by the end of the nineties.
IPSN has simultaneously launched an experimental program to ascertain whether some
existing measuring devices and/or recombining systems can remain efficient under severe
accident conditions, and do not cause adverse effects: the H2PAR facility at Cadarache
should provide such representative environments, with fission product simulants, to
complete their qualification by the end of the nineties. This two-level strategy will make it
possible to be prepared: a) to instrument some types of existing French PWRs, starting in
1998, should the utility proposal, still at the level of a a principle for P'4 and N4 type units,
be approved by the safety authority, and b) to provide enough qualified tools to contribute
to optimize the designs of future projects to be built beyond the year 2000, for which severe
accident prevention and mitigation will be an integral part of the design.
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