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Gabriela SENRA PESSANHA RIOS NOBREGA
Etude de 'empoisonnement des recombineurs auto-catalytiques passifs

En cas d'accident de fusion du cceur, les gaz inflammables (hydrogéne et monoxyde de carbone), issus de
l'oxydation du cceur et de l'interaction du coeur fondu et le béton, peuvent atteindre des concentrations élevées
pouvant provoquer des explosions susceptibles de menacer l'intégrité de I'enceinte de confinement ainsi que les
équipements nécessaires pour la gestion de I'accident. Afin d'atténuer le risque lié a I'hydrogéne, des recombineurs
autocatalytiques passifs ont été installés dans de nombreuses centrales nucléaires. Les recombineurs sont des
dispositifs qui visent a recombiner I'hydrogéne par une réaction catalytique exothermique. En fonctionnement
normal et en cas de scénario accidentel, ces dispositifs peuvent étre exposés a divers composés volatils, gaz et
aérosols présents dans I'atmosphére de I'enceinte de confinement qui peuvent provoquer une désactivation du
catalyseur induisant alors un retard dans le démarrage de la recombinaison et une réduction de l'efficacité du
recombineur. Cette thése a pour objectif de caractériser les conditions de désactivation du catalyseur dans les
recombineurs par différents produits. Elle vise également a améliorer les modéles mis en ceuvre dans les outils
numériques utilisés pour I'analyse de slreté. Pour mieux comprendre le comportement des RAP et les mécanismes
d'empoisonnement, des expériences ont été réalisées dans les installations REKO au Forschungszentrum Juelich,
en Allemagne. Les campagnes expérimentales ont été dédiées aux trois produits d'empoisonnement potentiels: le
monoxyde de carbone, les produits de combustion des incendies de cables et I'huile utilisée dans les pompes
primaires des centrales nucléaires. Les essais d'empoisonnement au monoxyde de carbone ont été analysés a
l'aide du code SPARK, un code CFD dédié aux simulations numériques de recombinateurs catalytiques développé
a I''RSN. L'impact du monoxyde de carbone a été étudié avec des mélanges H2/CO/air. Les résultats montrent
gue les conditions d'empoisonnement dépendent de la fraction molaire de monoxyde de carbone, de la fraction
molaire d'oxygéne et de la température du catalyseur. Afin de mieux comprendre comment les produits des feux
de cables affectent le démarrage de la réaction de recombinaison, des expériences ont été réalisées. La campagne
expérimentale a permis de conclure que la présence de monoxyde de carbone et le dépbt de particules d0 a la
pyrolyse des cébles sont les principaux mécanismes d'empoisonnement. Les essais réalisés avec des plagues
catalytiques en platine, recouvertes partiellement ou totalement d’huile, montrent que la présence d’'un film d’huile
bloque les sites actifs du catalyseur, mais que la capacité de recombinaison peut étre restaurée par évaporation
de I'huile si une réaction de recombinaison est amorcée par une plaque voisine non recouverte d’huile. Les
simulations réalisées avec SPARK montrent que le code est capable de prédire la désactivation par le monoxyde
de carbone en bon accord avec les résultats expérimentaux. Ces expériences fournissent des données pour
I'amélioration des codes numériques dans le cadre du projet AMHYCO.

Mots clés : accidents graves, hydrogéne, recombineur auto-catalytique passif, empoisonnement

Investigation of catalyst deactivation in Passive Autocatalytic Recombiners

In case of a core melt accident, flammable gases (hydrogen and carbon monoxide), issued from core oxidation
and from molten concrete core interaction, might reach high concentrations inside the containment and lead to
explosions that threaten its integrity as well as the equipment used for safety management. In order to mitigate the
hydrogen risk, passive autocatalytic recombiners have been installed in many nuclear power plants. Recombiners
are devices that aim to recombine hydrogen through an exothermic catalytic reaction. During normal operation and
accidental scenario, these devices can be exposed to various volatile compounds, gases and aerosols present in
the atmosphere of the containment that may cause catalyst deactivation inducing then delay in recombination start-
up and reduction of the efficiency. This thesis aims at characterizing the conditions of deactivation of catalyst in
recombiners by different products. It also aims to improve the models implemented in numerical tools used for
safety analysis. To better understand the behaviour of PARs and the deactivating mechanisms, experiments were
performed at the REKO facilities at Forschungszentrum Juelich, Germany. The experiments focused on three
potential deactivating products: carbon monoxide, combustion products from cable fires and oil used in the primary
pumps in NPPs. Results were analyzed using the SPARK code, a CFD code dedicated to the numerical simulations
of catalytic recombiners developed at IRSN, for CO tests. The impact of carbon monoxide was investigated with
H2/COJ/air mixtures. The experiments reveal that the poisoning conditions depend on carbon monoxide molar
fraction, oxygen molar fraction and the catalyst temperature. The experimental campaign performed to further
understand how products of cable fires influence the start of the recombination reaction leads to the conclusion
that the presence of carbon monoxide and the particles deposition due to cables pyrolysis are the main
mechanisms of deactivation. The tests carried out with platinum catalytic plates, partially or totally covered with oil,
show that the presence of a film of oil blocks the active sites of the catalyst, but that the recombination capacity
can be restored by evaporation of the oil if a recombination reaction is initiated by a neighboring plate not covered
with oil. The simulations performed with SPARK show that the code is able to predict the deactivation by carbon
monoxide in a good agreement with the experimental results. These experiments provide data for the further
enhancement of numerical codes in the framework of the European AMHYCO project.

Keywords : severe accidents, hydrogen, passive autocatalylic recombiners, catalyst deactivation
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Cette these se concentre sur la caractérisation des conditions de désactivation du catalyseur dans les
recombineurs par différents produits dont le gaz, les particules et I'huile. Elle vise également a améliorer
les mod¢les mis en ceuvre dans les outils numériques utilisés pour l'analyse de la sécurité. Pour mieux
comprendre le comportement des RAP installés dans les centrales nucléaires et les mécanismes de
désactivation, des expériences ont été réalisées dans les installations REKO de I'Institut de recherche sur
I'énergie et le climat (IEK-6) du Forschungszentrum Juelich, en Allemagne. Les expériences se sont
concentrées sur trois produits d'empoisonnement potentiels : le monoxyde de carbone, les produits de
combustion des incendies de cables et I'huile utilisée dans les pompes primaires des centrales nucléaires.
la définition et I'analyse des essais, ainsi réalisés, ont été réalisés a I'aide du code SPARK (Simulation
for Passive Autocatalytic Recombiners' risK), qui est un code CFD développé a I'lRSN et dédié aux
simulations numériques de recombineurs catalytiques. Ce code a été utilisé pour I’interprétation des essais
d'empoisonnement au monoxyde de carbone. Le premier chapitre du manuscrit présent le contexte et les
objectives de la these. Le fonctionnement des RAPs et la désactivation du catalyseur sont décrits au
chapitre 2. Ensuite, les installations expérimentales utilises sont présentées au chapitre 3 ainsi que les
procédures expérimentales et les essais de références. Le chapitre 4 est dédié a la description du code
numérique et les simulations de référence. Le résultats expérimentaux et numériques sont traités au
chapitre 5. Les résultats expérimentaux sur a I’impact des produits de feux de cables sur le recombiner

sont présentés et discutés au chapitre 6. Le chapitre 7 est consacré a I'effet de I'huile sur le catalyseur.

En situation d'accident grave, une grande quantité de gaz combustibles (hydrogene et monoxyde de
carbone) peut étre produite et former un mélange explosif dans 1’enceinte de confinement du réacteur qui
constitue la derniere barriére au relachement des produits de fission dans I’environnement. Les charges
induites par la combustion peuvent menacer I'intégrité de I'enceinte de confinement du réacteur, ainsi que
les systemes importants pour la sOreté. Afin de prévenir ce risque, des recombineurs autocatalytiques
passifs ont été installés dans de nombreuses centrales nucléaires, notamment en France et en Allemagne.
Les recombineurs sont des dispositifs passifs qui permettent recombiner I'hydrogene par une réaction
catalytique exothermique. En fonctionnement normal et en cas de scénario accidentel, ces dispositifs
peuvent étre exposés a divers composeés volatils, gaz et aérosols présents dans I'atmosphére de I'enceinte
de confinement. Certains de ces produits peuvent provoquer une désactivation partielle ou totale du
catalyseur induisant alors un retard dans le démarrage de la recombinaison et une réduction de I'efficacité
du recombineur. En outre et lors de la phase tardive (ex-vessel) de I'accident, du monoxyde de carbone
peut étre produit lors I’interaction entre le corium et le béton du radier de 1’enceinte de confinement. Le
monoxyde de carbone, ainsi produit et relaché dans 1’enceinte de confinement, peut induire un

empoisonnement du catalyseur conduisant a un arrét de la recombinaison par les RAP.

Aussi, I’impact des produits précités sur les performances des recombineurs est un enjeu de streté qu’il
convient d’étudier en combinant approche expérimentale et analytique avec I’objectif de caractériser la

désactivation du catalyseur ; c’est I’objet des travaux de cette thése.




Les installations de REKO permettent d'étudier le comportement des recombineurs dans différentes
conditions. Le programme expérimental comprend des expériences dans des conditions bien définies
d'écoulement forcé et d'écoulement naturel. REKO-1 a éteé utilisé pour analyser et caracteriser
I'empoisonnement par le monoxyde de carbone sur des échantillons de catalyseurs individuels, tandis que
REKO-3 a été utilisé pour caractériser l'effet d'empoisonnement en utilisant des échantillons de
catalyseurs de taille normale. REKO-Fire a permis d'analyser le comportement d'échantillons de
catalyseurs individuels lorsqu'ils sont exposes aux produits de combustion de feux de cébles. Enfin,
REKO-4 a éte utilise pour étudier I'impact de I'huile sur le démarrage de la recombinaison de I'hydrogene.
Les expériences ont été réalisees avec des échantillons de catalyseurs simples Pt, Pd et Pt/Pd de 5x5 cm2.
Pour les expériences a grande échelle, les géométries du catalyseur ont été de 15x15 cm2, étant le
catalyseur Pt. Les catalyseurs génériques sont similaires aux catalyseurs utilisés dans les recombineurs

commerciaux.

Les plateformes expérimentales et les résultats des tests de qualification réalises avant d'aborder I'étude
de l'effet d'empoisonnement ont été présentées au chapitre 3. Tout d'abord, le pyrométre a été calibré pour
assurer une bonne mesure de la température du catalyseur. Ensuite, des expériences avec des mélanges
gazeux H2/air ont été réalisées pour étudier I'effet de différents parametres sur le comportement du
catalyseur en fonctionnement normal. Des tests ont été réalisés pour des mélanges gazeux a 20°C, 80°C
et 150°C afin d'analyser I'impact de la température initiale du gaz. L'impact de la vitesse d'écoulement a
été étudie. Pour des vitesses d'écoulement de 0,5 et 1,0 m/s, les résultats expérimentaux révélent une faible
différence dans la température du catalyseur. Les expériences réalisées avec de la vapeur ont été
comparées a celles realisées en conditions séches et aucune différence significative n'a été observée dans
la température du catalyseur. Le comportement du catalyseur a également été analysé dans des conditions
de privation d'oxygene. Les données expérimentales montrent que la température du catalyseur diminue
avec la teneur en oxygéne en dessous d'une certaine valeur, indiquant que le recombineur est moins
efficace dans ce cas mais que I'nydrogéne est toujours converti en vapeur. Ces résultats servent de

référence pour le fonctionnement normal du catalyseur.

Chapitre 4 est dédie au code SPARK. Des calculs ont été effectués pour des mélanges hydrogene-air afin
de vérifier que le code SPARK est capable de reproduire les résultats expérimentaux. Des simulations
utilisant la géométrie REKO-1 ont été effectuées. Les résultats obtenus dans des conditions normales de
fonctionnement sont conformes aux données expérimentales. Cependant, pendant la privation d'oxygeéne,
les résultats indiquent que SPARK predit les phénoménes légerement plus tét que ce qui est observé dans
les expériences. La géométrie de REKO-1 étant un cylindre avec un seul échantillon de catalyseur, les

simulations 2D réalisées avec SPARK ne sont pas les plus adaptées.

Les simulations utilisant la géometrie de REKO-3 ont également été réalisées en utilisant differents
mélanges H2/air. Le comportement du catalyseur dans des conditions ou il y a réduction de I'oxygene a

également été simulé. L'effet de la vapeur sur la température du catalyseur a également été analysé avec




la présence de monoxyde de carbone et sans restriction d'oxygéne. Les résultats numériques sont
cohérents avec les résultats expérimentaux pour tous les cas, confirmant que le code SPARK peut prédire
la température du catalyseur pour des conditions d'oxygéne riche, des conditions de privation d'oxygene

et en présence de vapeur.

Afin d'améliorer les connaissances sur l'impact du monoxyde de carbone sur le comportement du
catalyseur, des expériences ont été réalisées dans les installations REKO et les résultats obtenus sont
présentés et discutés au chapitre 5. Dans une premiére série de tests d'évaluation, les conditions de
désactivation d'un seul échantillon de catalyseur ont été étudiées dans I'installation REKO-1. A cette fin,
des échantillons de catalyseurs a base de platine et de palladium ont été exposés a des mélanges
d'hydrogene, de monoxyde de carbone, d'air, d'azote et de vapeur a différentes températures et vitesses
d'écoulement. Les expériences ont révelé que I'empoisonnement peut étre prédit par la fraction de
monoxyde de carbone, la fraction d'oxygéne et la température du catalyseur. En outre, le catalyseur au
palladium est désactivé a des températures plus basses que le catalyseur au platine. Les résultats montrent
que la température du catalyseur a laquelle le platine est empoisonné est indépendante de la température
du gaz, tandis que pour le catalyseur au palladium, la température du gaz semble influencer la température
d'empoisonnement. Dans un deuxiéme temps, l'installation REKO-3 est utilisée pour étudier I'effet du
monoxyde de carbone sur une section d'un recombineur avec quatre plaques catalytiques a échelle réelle
disposées verticalement a I'intérieur d'un canal rectangulaire. Ces expériences fournissent des données

pour I'amélioration des codes numériques dans le cadre du projet AMHYCO et du code SPARK.

Des simulations SPARK pour des mélanges H2/CO/air ont été réalisées et I'impact de différents
parametres a été analysé. La comparaison des simulations avec les résultats numériques réveéle que le code
SPARK est capable de reproduire la désactivation du catalyseur par le CO, et notamment de capturer la
transition de la désactivation partielle a la désactivation compléte. Le code prédit des températures
d'empoisonnement plus élevées que celles observées dans les expériences. Bien qu'un nouveau
mécanisme de réaction pour H2/CO sur le palladium ait été présenté, les calculs n'ont pas pu étre achevés,
et davantage de données expérimentales sont nécessaires a la validation. Ce point sera abordé dans les

travaux futurs.

Les resultats des essais réalisés pour investiguer I’impact des feux de cables sur le catalyseur sont
présentés au chapitre 6. Trois conditions d'incendie différentes ont été considérées. Dans le cas d'un
incendie de cable bien ventilé (well-ventilated regime), ni les produits gazeux (CO2 en quantités
relativement importantes et trés peu de CO) ni les produits des incendies de cables particulaires
(principalement la suie) ne semblent affecter le début de la conversion catalytique de H2 pour les
catalyseurs a base de Pt et de Pd. Dans des conditions d'incendie sous-ventilé (under-ventilated regime),
des effets différents sur les deux types de catalyseurs peuvent étre observés. Le catalyseur a base de Pt
est significativement désactivé, tandis que la seule dégradation du catalyseur a base de Pd est observée a

une fraction molaire d'hydrogene aussi faible que 0,5 %. Les niveaux plus élevés de CO par rapport aux




feux de cébles bien ventilés sont soupconnés d'étre la raison des désactivations observées. Pour les
produits générés par la pyrolyse oxydative, la désactivation et le retard de démarrage de recombinaison
d’hydrogeéne peuvent se produire pour les deux types de catalyseurs en raison du blocage physique de la
surface catalytique. Comme conclusion préliminaire, la présence de monoxyde de carbone dans
I'atmosphere ainsi que les dépbts de particules provenant de la pyrolyse des cables semblent étre deux

mécanismes pertinents pour la désactivation du catalyseur.

De I'huile a été appliquée sur un catalyseur a base de platine afin d'étudier son impact sur le comportement
du recombineur. Les résultats, présentés au chapitre 7, montrent que le catalyseur n'est pas capable de
convertir I'nydrogéne lorsque la surface est entiérement recouverte d'huile et que la température n'est pas
assez élevée pour eévaporer et/ou brdler I'huile. Cependant, lorsqu'un seul catalyseur n'était pas recouvert
d'huile, la chaleur de la réaction de recombinaison de I'nydrogene sur cet échantillon était suffisante pour
évaporer et briler I'huile de la surface des autres plaques de catalyseur. Une fois que I'huile ne bloquait

plus la surface, le catalyseur démarrait immédiatement.

Sur la base de ces résultats, il semble que I'huile ne désactiverait pas de facon permanente les plaques de
catalyseur dans les recombineurs. Etant donné que les projections d'huile trouvées dans les RAP
couvraient partiellement la surface catalytique, il est probable que les sites actifs sans huile pourraient
suffire a démarrer la recombinaison de I'hydrogéne, entrainant 1’ évaporation de I'huile en raison de la

chaleur dégagée par la réaction.
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1. INTRODUCTION

1.1. Context and motivation

Nuclear facilities utilise the nuclear fission process, where a heavy atomic nucleus splits apart
in order to form lighter ones, releasing energy. This process also produces neutrons, so a chain
reaction can be established wherein each fission event can initiate others. Fission takes place in
the nuclear fuel while the rest of the reactor converts the thermal energy produced into

electricity.

From a safety perspective, nuclear facilities are designed, constructed and operated to prevent
potential radioactive substances release that may lead to human and environmental exposure to
radiation. Since in a nuclear power plant, the reactor containment is the last barrier against the
release of fission products into the environment, it is important to ensure its integrity. One of
the threats to the containment integrity is the risk of hydrogen explosion due to large amount of
hydrogen generated by the oxidation of metals present in the reactor core in case of a severe

accident.

Nuclear accidents of Three Mile Island in 1979 and more recently Fukushima Daiichi in 2011
reinforced the relevance of investigating SAs and the hydrogen risk. In 1979, the TMI accident
showed the possibility of accidents leading to core melting. It also confirmed that the
combustion of hydrogen in the reactor building is a potential hazard for the containment
integrity. In 2011, the Fukushima Daiichi accident confirmed that a large amount of hydrogen
and carbon monoxide might be released and generate an explosion. This accident revived the

attention of the nuclear safety community towards hydrogen explosion risk.

Hydrogen risk is defined as the possibility of loss of containment integrity or failure of the
reactor backup systems as a result of hydrogen combustion. During severe accidents in a nuclear
power plant hydrogen can be produced during two phases. In the in-vessel phase, the
exothermal oxidation of the fuel cladding (PWR and BWR) or fuel assembly canisters (BWR)
and hot metallic components takes place inside the reactor pressure vessel. During the ex-vessel
phase, the molten core-concrete interaction (MCCI) takes place after failure of the reactor
pressure vessel and melt relocation to the reactor pit. Carbon monoxide and other gases can also
be produced during MCCI in addition to H,.
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After uncovering of the core, since the heat transfer from the fuel to steam is small compared
with decay heat production, the fuel temperature increases. The zircaloy in the fuel cladding is
exothermically oxidised by steam at high temperatures (above approximately 1300 K). This
reaction aggravates the core degradation as it releases thermal power that can become higher

than the residual power. During Zr oxidation, hydrogen is produced following the reaction:
Zr + 2H,0 - ZrO, + 2H,

The enthalpy reaction is between —600 and —700 KJ/mole of zirconium, producing 0.0442 kg

of hydrogen per kg of zirconium, for temperatures above 1300 K [1].

In the late phase of the core degradation, there may occur injection of the melt into water in the
form of a jet and fragmentation of the melt, that would lead to an increase of the oxidation

reaction surface and to a generation of steam, which can oxidize the available metal.

In the following table, the amount of hydrogen produced during core degradation phase is

provided.

Table 1: Evaluation of the hydrogen mass produced by full Zr oxidation during core
degradation for different LWRs.

Reactor type H2 (kg)

French PWR 900 MW 900

Konvoi PWR 1300 MW | 1,400

BWR-72 1300 MW 4,500

Moreover and In case of a reactor vessel breach when the reactor coolant system is
depressurized, a gravitational corium drop occurs and in case of a dry cavity pit, a molten core
concrete interaction (MCCI) starts. The Zr and Cr (Chromium coming from the stainless steel
internal structures) contained in the corium undergo a fast oxidation when in contact with the
steam and CO in the environment. CO> comes from the thermal decomposition of the concrete.
It is assumed that 100 % of the remaining metallic Zr and Cr will be oxidized by steam
generating H2 and CO within the first hour following the MCCI [3].
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Hydrogen and carbon monoxide are then released to the containment and their distribution can
be homogeneous or stratified depending on the intensity of the mixing of the containment
atmosphere. In case of homogeneous distribution, hydrogen and carbon monoxide significantly
contribute to a pressure build-up inside the containment. On the other hand, in case of gas
stratification, local concentration of hydrogen and carbon monoxide become a safety concern
as the flammability threshold of the gas mixture can be exceeded, leading to combustion.
Hydrogen and carbon combustion can happen in a variety of forms: slow deflagration,
accelerated flames, deflagration to detonation transition (DDT) and detonation. The combustion

mode will be determined by local and global concentrations of hydrogen and carbon monoxide.

The OECD State of the Art Report on Flame Acceleration and Deflagration-to-Detonation
Transition [10] as well as the IAEA TecDoc [5] addressed the key issue of hydrogen
combustion. Additional detailed information are given in the OECD/NEA report [7, 8] related
to carbon monoxide combustion. To summarized, two different combustion regimes are shortly

characterized here, based on information provided in the reports [27] [25] and [35].
Deflagration

When the flame travels at subsonic speed relative to the unburnt gas, they are called
deflagrations. They propagate mostly by heat and mass transfer from the hot burnt gas to the
unburnt gas, raising it to a high temperature that allows a rapid exothermic chemical reaction
to happen. The characteristic velocities are of the order of several meters per second. The
deflagration might be asymmetrical for low hydrogen concentrations. For hydrogen contents
between 4.1 and 6.0 vol. %, the propagation initially driven by buoyancy will be upward from
ignition source. Hydrogen concentrations between 6.0 and 9.0 vol. % produces upward and
horizontal propagation. When the hydrogen content is above 9.0 vol. % the propagation is in
all directions, although the upward propagation might be faster than the downward propagation.

For higher hydrogen contents and enhanced turbulence, there is no asymmetry.

The hydrogen-air mixtures with low hydrogen content in the range of 4 to 8 vol. % are ignited
with a spark and the hydrogen combustion is incomplete. The incomplete combustion of lean
hydrogen-air mixtures is significant for reactor safety. Combustion of lean mixtures can be a
strategy for decreasing hydrogen risk by consuming the hydrogen without a major increase of

containment pressure.
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Detonation

A detonation is a combustion wave that propagates at a supersonic speed relative to the unburnt
gas in front of it. The speed is about 2000 m/s for stoichiometric hydrogen-air mixtures. During
the detonation, the shock waves provoke the compression of the unburnt gas that raises gas
temperatures high enough to initiate rapid combustion by auto-ignition. The detonation wave
Is constituted of a complex front resulting from the coupling between a shock wave and a
reaction zone. Understanding the conditions for which hydrogen-air-steam can detonate is of

major interest in reactor safety.

Hydrogen-air mixtures near stoichiometric conditions (about 30% hydrogen) are known to be
detonable. Mixtures away from stoichiometry are gradually more difficult to detonate. The
detonability limits of a mixture are defined as the critical condition that allows the propagation
of a self-sustained detonation [5]. The critical conditions designate both the initial and boundary
conditions of the explosive mixture. The detonation wave is characterized by a 3D structure
due to the existence of transverse waves, and propagates at a detonation speed that varies around
an average value: the Chapman-Jouguet detonation speed. The trajectory of the triple points

gives the 3D- cellular structure that can be measured experimentally.

The cell size is a characteristic of the detonation and it can be determined experimentally. It is
an essential measure of the detonability of the mixture and it shows the relation between the
chemical reaction rate and the macroscopic propagation behaviour of detonations. As the auto-
ignition increases, the induction length becomes larger leading to a larger detonation cell. If a
detonation propagates from a tube into an open space, there is a minimum tube diameter that
will allow the detonation to continue propagating. The detonation limits depend on the scale

and hence can vary substantially.

Another important phenomenon is the detonation initiation. A very high-energy source is
needed to obtain a direct initiation of a detonation. To initiate a stable detonation, a minimum
energy of about 4100 J is required around the stoichiometry and increases drastically when
away from this composition [3]. That amount of energy is several orders of magnitude greater
than it would be generated from an electrical spark and is about eight orders of magnitude
greater than the minimum ignition energy required for deflagration initiation. Thus, it is
unlikely that a direct initiation in reactor accidents would occur. However, this regime could be
achieved if a deflagration accelerates to high speeds and transit to detonation.

21



Deflagration to detonation transition

Flame acceleration and deflagration to detonation transition influences the maximum load from
hydrogen combustion sequences and consequential structural damage in containments. Hence
it is of great importance to severe accidents assessment. The main objective in hydrogen hazard
mitigation studies is to ensure the containment integrity through the design of countermeasures

to avoid flame acceleration and DDT.

For transition to detonation to be possible, the explosive mixture must be within the detonation
limits. However, that is not the only condition. The flame acceleration mechanisms must be
sufficiently effective to raise the velocity of the turbulent deflagration so a detonation can occur.
The flame acceleration process can lead to DDT through shock ignition or amplification

mechanisms.

Flame acceleration can be caused by different mechanisms. It can result from turbulence and
generated by combustion-induced turbulence over structures present in the flame front, from
flame instabilities due to (i) hydrodynamic, (ii) thermo-diffusive, (iii) buoyancy driven effects.
When the flame is fast enough from flame generated pressure waves when they interact with
the flame after reflection at the confining walls, from the confinement of the gas mixture by the

enclosure and from flame-acoustic interactions.

Turbulence can be generated in the combustion-induced flows. Turbulence can increase the
local burning rate by increasing the surface area of the flame and the transport of local mass
and energy when the flame front advances into the turbulent flow field. A higher burning rate
leads to a higher flow velocity in the unburnt gas, resulting in a continuous acceleration of the

propagating flame.

The obstacles in the flame path induce velocity gradients in the flow field and the turbulent
production. It has been showed that in configurations with repeated obstacles, the turbulent
flame propagation regime is self-accelerating due to the feedback mechanism between flame
velocity and the level of turbulence in the flame front. Repeated obstacles in the flame path

seems to be the most effective flame acceleration mechanism [5].

Flame front instabilities are responsible for the flame surface increase (Hydrodynamic, thermo-
diffusive and buoyancy driven) and modify the flame structure itself (thermo-diffusive) leading

to an enhancement of the burning rate and a strong increase of the flame speed.
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The interaction between the flame propagation and turbulence generation in a flame path is very
sensitive to the level of the channel confinement. A decrease of the confinement by venting
reduces the flow velocity ahead of the flame and thus reducing the obstacle-induced turbulence.
As in the case of flames, detonations are very sensitive to the level of confinement. A sudden

venting of confinement at the end of the tube can result in detonation failure.

The Shapiro diagram, shown in Figure 1 can be used to determine if the mixture is flammable.
If the containment atmosphere contains diluent gases the lower flammability limit will increase

slightly, while the upper limit drops more rapidly [2].

The flammability, deflagration and detonation regions are bounded by curves. The detonation
region is within the flammability region and its limits are not an intrinsic characteristic of the
gas mixture, it is scale dependent. In a flammable mixture, combustion might be triggered by
an energy less than a millijoule. Since more energy is required to initiate a detonation (several
kJ), the only mechanism considered leading to detonation is flame acceleration through

deflagration to detonation transition.
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Figure 1: Shapiro diagram.
In case of low hydrogen content below 8%, flame speed is typically slow and deflagration
generates a quasi-static pressure loads. When the H2 molar percent is above 9 to 10 vol. %,

combustion is complete and it may accelerate leading to higher loads. Above 10 to 11 vol. %,
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acceleration might be up to sound speed, as it has been found in many experiments [3] [4]. In
an extreme case, flame acceleration, supported by turbulence, can reach detonation conditions,
known as Deflagration to Detonation Transition (DDT). Flame acceleration and DDT can be
destructive and can damage internal containment structures and safety systems used in severe

accident management.

Hydrogen mitigation

An understanding of hydrogen production, distribution and combustion is essential for
designing and implementing hydrogen management measures. There are several methods to
limit hydrogen concentration in the containment. The strategy consists of the one or a

combination of the following measures [6]:

e Deliberate ignition,

e Consumption or recombination of hydrogen by passive autocatalytic recombiners

¢ Dilution of the hydrogen concentration inside the containment atmosphere by using
a large containment volume,

¢ Injection of an inert gas such as nitrogen in order to limit the relative concentration

of oxygen and therefore the risk of combustion.

Several hydrogen hazard mitigation systems have been studied, developed and implemented in
nuclear reactors. Some of the mitigation strategies are: thermal recombiners, ignitors, inert
systems, mixing systems, hydrogen recombination, hydrogen permutation, metal oxides

reduction by hydrogen and controlled combustion of organic matter, a way to remove oxygen
[71.
The containment design influences the mitigation measures to be implemented. The strategy

chosen for the pressurized water reactors in France is combining the existence of a large

containment volume and the installation of passive autocatalytic recombiners.

Catalytic recombiners have been chosen as a mitigation system in most of Europe due to its
advantages. A recombiner is a passive system that does not require energy supply to operate
and has a large domain of efficiency. It can operate under major accident and design-basis
accident conditions. The recombiner starts the recombination reaction at low hydrogen
contents, below the hydrogen flammability limit. The catalytic reaction is a well-known
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phenomenology. The technology to develop a passive autocatalytic recombiner is simple and
does not need complex system. The installation requires only to place the recombiner at

appropriate locations in the containment to obtain the desired coverage.

In France, PARs have been installed since 2007. This device converts passively hydrogen into
steam by an exothermic catalytic recombination. PARs are assumed to be always fully
operational. However, they might be exposed to materials that may damage or block the catalyst
leading to its deactivation. The exposure might happen during normal operation, shutdown
states (especially with maintenance work), or during accidental conditions. Catalyst
deactivation is a safety concern since it can result in start-up delay and in loss of the

recombination efficiency, increasing the hydrogen explosion risk [22].

1.2. Objectives

This thesis combines experimental and numerical works in order to expand the knowledge
concerning PARs deactivation. The objective is to investigate the effect of potential
deactivating products on recombiners performance and to improve models implemented in
numerical tools used for safety analysis. For this purpose, experiments were performed on the
REKO platform at Julich, Germany. The experimental facilities permit to study several aspects
of catalytic recombiners operation. The experiments aim to investigate and characterize
deactivating conditions of recombiners by different products present in the containment during
normal operation and in case of an accident. The SPARK code, developed by IRSN and
dedicated to catalytic reactor-type operations, have been used to analyze the experimental

results. The knowledge gained allows to enhance existing models already implemented.

Thus, the catalyst behavior under the presence of cable fire products was investigated with the
REKO-fire facility. The impact of oil on the catalyst has been investigated with the REKO-4.
Experiments have been performed with the REKO-1 and REKO-3 facility in order to better
understand the deactivation by carbon monoxide. The analysis of the performed experiments
was performed using the SPARK code.

Chapter 2 presents the state of the art on PARs. The components and the operation of a
recombiner are described, as well as the different existing types of PARs. The catalyst
deactivation and its consequences to the recombiner are also outlined in this chapter. Chapter 3
describes the experimental facilities and methods that have been used in the context of the
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thesis. Chapter 4 is dedicated to the description of the numerical tool, the SPARK code. The
results obtained from the carbon monoxide experiments are discussed in chapter 5, as well as
the simulation results. Chapter 6 is dedicated to the findings on the deactivation by cable fire
products. Finally, the results from the investigation of oil deposition on the catalyst are

presented in 7. The conclusion and perspectives of the thesis are presented in chapter 8.
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2. STATE OF THE ART ON PASSIVE
AUTOCATALYTIC RECOMBINERS

This chapter gives an overview of the state of the art on PARs. At first, the catalytic reactions
are discussed, followed by the principal of PARs and then the catalyst deactivation. Previous

experimental programs that have studied the catalyst deactivation are also discussed.

2.1. Catalytic Reaction

In case of homogeneous combustion, the conversion of hydrogen and oxygen to steam requires
either flammable mixture with a sufficient ignition source (flame) or high temperatures (auto-
ignition). It represents a safety risk since the combustion process is not easily controllable.
However, hydrogen can react, exothermically, with oxygen from the containment air on the
surface of catalysts even at low contents (< 1 vol. %). The catalytic combustion is the principle

used in catalytic recombiners.

A catalyst accelerates a chemical reaction by forming bonds with reactants molecules, allowing
these to react and to form a product that then detaches from the catalyst. The catalytic reaction
between molecule A and B to product P starts with the bonding of molecules A and B to the
catalyst [13]. Then, A and B react, by means of the catalyst, to form product P. Finally, the
product P detaches from the catalyst and the reaction cycle starts again. Figure 2 shows how
the catalyst accelerates the reaction. In the absence of the catalyst, the reaction proceeds when
the reactants collide with sufficient energy to overcome the activation energy. With the catalyst,
the activation energy is lowered. The overall catalyst activity and selectivity are determined by
the composition and structure of its surface [14].

The catalyst offers an alternative path for the reaction. Although the path is more complex, it is
more favourable energetically. The activation energy of the catalytic reaction is smaller than
that of the homogeneous gas phase reaction. The overall changes in enthalpy and in free energy
is the same for both catalytic and non-catalytic reaction, meaning that the catalyst does not
affect the equilibrium constant for the overall reaction of A+B to P. A catalyst changes the
Kinetics but not the thermodynamics. The total number of active sites on the catalytic surface is

a constant. In heterogeneous catalysis, this site density is given by the number of sites per kg

27



catalyst or per unit of surface area. In homogeneous catalysis, the site density is expressed as

the concentration of catalytically active complex molecules [14].

potential energy

bonding reaction separation

reaction coordinate

Figure 2: Potential energy diagram of a heterogeneous catalytic reaction, with gaseous
reactants and products and a solid catalyst. Note that the uncatalyzed reaction has to
overcome a substantial energy barrier, whereas the barriers in the catalytic route are much
lower. [13]

A catalyst accelerates the rate of a reaction without being consumed during the process. For the
optimum operation of a catalyst, not only the catalyst material but also the surface condition

and geometry must be considered.

The adsorption of the molecules and atoms might be direct or indirect. In the direct adsorption
process, the particle collides with the surface and stays at the point of impact as an adsorbed
species. In the indirect adsorption, the particle first adsorbs in a weakly bond precursor state,
moving freely over the surface, until it forms a bond with an adsorption site. Atoms that are
already adsorbed may block sites for new incoming atoms. Chemical adsorption
(chemisorption) occurs when the adsorbed substance (adsorbate) forms a chemical bond with
the adsorption surface (adsorbent) at the so-called adsorption sites. Chemisorbed substances
tend to form the highest possible coordination number with the adsorbent surface, so that only
a single layer of the molecule is produced on the surface. In contrast, Van der Waals forces are
present in physisorption. Chemisorption and physisorption are distinguished by means of the

corresponding adsorption heat [15].

Adsorption of reactants on the catalyst’s surface is the first step in a heterogeneous catalytic
reaction. The relation between the coverage of a particular gas and its partial pressure above

the isotherms and they form the basis of the kinetics of catalytic reactions. The first quantitative
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theory of gas adsorption on surfaces was the Langmuir adsorption isotherms. The assumptions
underlying the Langmuir adsorption isotherm imply an ideal surface and few real systems
follows this assumption of ideality [14]. Adsorption equilibrium is assumed to be established
at all times. The concentrations of adsorbed species are determined by adsorption equilibrium.
If two or more species are present, they compete with each other for adsorption on a fixed

number of active sites.

Desorption is the opposite of adsorption. It represents the end of the catalytic cycle. The
transition state of a desorbing molecule can be mobile, resembling the precursor state of indirect

adsorption or it can be immobile, implying that the molecule only possesses vibrational state.

2.2. General description of Passive Autocatalytic

Recombiners

Passive autocatalytic recombiners (PARs) are devices used in nuclear power plants for
mitigation of the hydrogen risk. They aim to recombine hydrogen through the exothermic

reaction:

H, +20; > H,0  with AHg = —241.8 K)/mole of hydrogen
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Figure 3: Working principle of a passive autocatalytic recombiner [1].
As shown in figure 2, PARs consist of a rectangular shaped housing containing a set of parallel
catalyst sheets in the lower part. In the presence of hydrogen, a catalytic reaction occurs
spontaneously at the catalyst surface and the heat of the reaction induces natural convection

flow feeding the recombiner with hydrogen.
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PARs are defined as passive since they are self-starting, self-feeding and require no external

energy. The recombiner starts when the hydrogen content reaches 1-2 vol. % [5].

The chemical reaction only starts after the overcoming the necessary activation energy.
Catalytic substances can significantly reduce the activation energy so the reaction starts at lower
temperatures by decreasing the bounding of the hydrogen molecules and forming radicals that

will react more easily with oxygen.

Catalyst plates have three main components: the substrate, the catalyst carrier and the catalyst
active material. Stainless steel is usually used for the catalyst substrate. A ceramic material, as
aluminium oxide, is applied to the substrate material to act as structural reinforcement and it
will act as catalyst carrier or washcoat due to their thermal stability [8]. Placed on the top of the
catalyst carrier is the catalyst itself. The catalyst used is usually platinum (Pt) or palladium.
Palladium is known for having a higher reactivity than platinum, however it might lose surface

contact with the substrate at higher temperatures.

When in contact with the catalytic plates, hydrogen and oxygen react to produce water vapor.
The catalytic recombination follows the reaction mechanism composed of three phases:
adsorption, surface reaction and desorption. First, the reactants are adsorbed on the active sites
of the catalytic surface. Then, the recombination reaction takes place before desorption of the
products and the release from the catalytic active sites. The hydrogen recombination reaction is

an exothermic reaction and starts after exceeding the minimum required activation energy.

In presence of catalytic surface, reactive carries are simultaneously produced and consumed
from the gas-phase. Reactive radicals disappear at the free stream edge due to gas-phase
recombination and at the catalytic surface due to the surface recombination when the boundary
layer is fully developed [9]. If there is an increase of the temperature, the production of reactive
radicals dominates the consumption, forming a chain propagation to gas-phase ignition. The
temperature of the catalytic surface and of the gases can lead to ignition of the gas mixture in
the surroundings of the catalyst plates. Ignition of hydrogen on a catalytic recombiner has been

subject of several studies [9], [10].
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2.3. Types of recombiner

Different types of recombiners have been developed in the industry. There are recombiners that
are built on the use of clusters of spherical granulates with palladium as the catalyst and ceramic
materials as the carrier. Some catalytic recombiners are based on the use of an entirely metallic
catalyst to eliminate the possible spalling hazard constituted by the dust formation. Some
recombiners are designed to enhance the reaction heat removal by using passive containment
cooling devices. Other designs, such as modular recombiner setup, aimed to limit the local heat
production of the exothermal reaction. Diverse recombiners have been commercially provided
by PAR manufacturers, such as FRAMATOME (formerly AREVA/Siemens), NUKEM
(formerly NIS) and SNC-Lavalin (formerly AECL). FRAMATOME and AECL use plate type
catalyst, while NUKEM developed a specialized container with pellet type catalyst [7].

AECL recombiners have been designed for compactness and ease of managing into
containment. The recombiner consists of an open-end rectangular box with an attached cover
and gratings to ensure the physical protection of the internal elements from sprays. The catalyst
plates are arranged parallel to the gas flow direction. The catalysts operate at temperatures up
to 1000 K without loss of catalytic activity and are not affected by high radiation exposures.
The recombination self-starts at low hydrogen content. FRAMATOME recombiners consist of
a metal housing designed to promote natural flow, with the gas inlet arranged at the bottom and
gas outlet at the top. Catalytic plates are arranged vertically in the bottom of the housing. The
recombiner is protected against direct spraying of water and aerosol deposition by a cover
placed at the housing at the top of the recombiner. This allows recombiner operation under
spray conditions. The catalyst allows low starting temperatures.

The NUKEM recombiners are available in a variety of sizes. The recombiners contains flat
rectangular cartridges filled with porous spherical ceramic pellets, coated with palladium.
Between the cartridges, the device has open flow channels to allow for heavier particles or
aerosols in the atmosphere to flow through with little plugging of the pellet surface.

In France, PWR of 1300 and 1450 MWe are equipped with recombiners of AECL design while
PWR of 900 MWe and EPR are equipped with FRAMATOME type recombiners [11].
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Figure 4. Example of an AREVA PAR (FR1-380T) [12].

2.4. Catalyst deactivation

PARs can be exposed to different chemical products or atmospheric pollutants that may lead to
the loss over time of catalytic activity and/or selectivity called catalyst deactivation. PARs
deactivation is a safety concern since it can result in start-up delay and in loss of the

recombination efficiency, increasing the hydrogen explosion risk.
2.4.1. Catalyst deactivation mechanisms

Catalyst deactivation is a complex phenomenon and it is expected for most processes, yet, some
of its consequences can be avoided, postponed or reversed. The main mechanisms are
poisoning, fouling, thermal degradation, mechanical damage and corrosion/leaching by the
reaction mixture. The first two cases are caused by blocking of active catalytic sites but the
catalyst might be regenerated. The other mechanisms occur due to loss of active surface and

they are considered to be irreversible. Each mechanism is defined in Table 2.
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Table 2. Definition of deactivation mechanisms (adapted from [8]).

Mechanism Type Definition
Poisoning Chemical Blocking of active c'atalyt.lc sites by strong
chemisorption
Fouling Mechanical Blocking of active caﬁalytu; sites and pores by
physisorption
Therme_ll Thermal Thermal induced loss of catalytic surface
degradation
Mechanical Mechanical Loss of active surface due to mechanical impact
Damage

Loss of active surface due to volatile compounds
formation

Corrosion/leaching | Chemical

Poisoning

Poisoning is defined as catalyst deactivation by strong chemisorption of impurities on active
sites [16]. The adsorption strength, when competing for catalytic sites will determine if a species
can act as a poison. Most strongly absorbing components inhibit the adsorption of less strongly
adsorbing components. Poisons may not only cause physical blocking of adsorption sites but
also induce changes in the electronic or structure of the surface [14]. The poisoning might be
temporary, when it can be removed, or permanent. Some poisons might be strong at low
temperatures but less harmful at high temperatures. During catalytic combustion, poisoning by
traces of sulphur, halogens, phosphorus, arsenic, lead, alkali metals, etc. is less damaging than
in catalytic processes at low or medium temperatures (500°C) since these poisons are promptly
decomposed and/or are not absorbed on catalytic surface at high temperatures [14]. Catalyst
poisons are classified according to their chemical characteristics, selectivity for active sites and
types of poisoning reactions. Poisons may affect catalytic activity by different mechanism. The
strong chemical bond electronically modifies the nearest neighbour atoms, modifying their

abilities to adsorb and/or dissociate reactant molecules.

Fouling

Fouling has been defined as all processes where a deposit covers a surface [16]. The mechanical
deposition of species onto the catalyst surface leads to blockage of the active sites and pores
and; consequently, leads to activity loss. Its origin might be from species present in the
containment, like the deposition of dust, and not always related to processes on the catalyst.

However, the catalyst itself might be responsible for fouling by undesired by-products that leads
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to deposits. It may cause disintegration of catalyst particles and plugging of the reactor voids,

in its advanced stages [14].

Thermal degradation

Thermal degradation comprises physical processes leading to catalyst deactivation due to
sintering, evaporation, chemical transformation, etc [14]. Thermal damage can occur during all
stages of the catalyst life cycle. Sintering refers to the loss of catalytic surface area due to
crystallite growth of the support material or the active phase. The main mechanism for sintering
of small particles is the migration of atoms. Sintering processes are kinetically slow and

irreversible or difficult to reverse, so it is easier to prevent it than to cure it.

Mechanical degradation

Mechanical damage of catalysts can be presented as crushing of the catalyst during loading,
attrition and erosion of the catalyst particles at high fluid velocities [14]. During its life cycle,
the catalyst is heated at start-up, leading to thermal expansion of the tube and during cooling

the opposite happens.
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Figure 5. Types of deactivation in heterogeneous catalysis [8].

2.4.2. Deactivation scenarios

Deactivation scenarios can be classified into two types, as the containment conditions differs

in normal reactor operation from accidental conditions.
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Normal reactor operation

During normal operation, the catalyst plates can be affected by products of maintenance work,
impure substances in the containment, the periodic control, the regeneration procedure, etc.
Recent controls in French NPPs have for example showed the presence of oil from the primary
pumps on the catalyst sheets. Organic (paint fumes) and inorganic (welding aerosols) particles
can be released during the maintenance work of the reactor. Those particles are deposited on
the catalyst surface by diffusion through the containment atmosphere. It has to be noticed that
PARs are supposed to be protected during maintenance work, in order to reduce the risk of
pollution. Table 3 shows the classification of different loads in normal operation.

Table 3: Classification of different loads in normal operation that can lead to catalyst
deactivation [15]
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Products of maintenance X
Atmospheric contaminants X

Recurring inspection X X
Regeneration X X

Accidental conditions

In case of a severe accident (when there is core melt), several radioactive substances can be
released in different states and chemical forms, leading to the contamination of the containment
atmosphere and consequently, the catalyst surface. In this situation, all five deactivation
mechanisms might happen. During an accident, the deactivation can be caused by the gaseous
fission products, water soluble and insoluble aerosols, MCCI products, fire products, thermal
loads, hydrogen deflagration and radioactive radiation. In these conditions, the containment
temperature can reach 900°C. Table 4 shows the events that might lead to deactivation in case

of accident.

Carbon monoxide can be produced during a severe accident, due the MCCI and also in case of

fires inside the containment, as it happened in Sweden (Ringhals) in 2011.
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Most emissions are released as aerosols, while fission products can be also released in in
gaseous form. Radioactive materials are released during an accident by emission of activated

cladding material, fission products or nuclear fuel.

The behaviour of aerosol particles is predicted by not only its composition but also by the
chemical form of the elements. The aerodynamic radius and the sinking speed determine the
behaviour of the particles. Aerosols present low mass and high mobility, which makes them
subject to forces that are only observed microscopically. These forces include thermophoresis,
photophoresis and diffusiophoresis. They are based on gradients of temperature of the particle

and of the ambient and ambient concentrations [15].

An earthquake can also damage a recombiner. It can not only cause external destruction to the
housing of the recombiner but also the movement and friction of the catalytic films can cause
erosion of catalyst particles and damage to the porous coating, which may induce the
detachment of the washcoat from the steel support. To ensure the protection of the recombiner
in case of earthquakes, tests are performed on shaker tables with vibrational movement in all
three spatial directions. Table 4 shows with deactivation mechanism might affect the loads

exposed to the recombiner in case of a severe accident.

Table 4: Classification of different loads that can cause catalyst deactivation in accidental
conditions [15].
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Gaseous Fission
X
products
Water soluble aerosols | X X
Water insoluble X X
aerosols
Gaseous MCCI
products
Containments spray X | X X
Fire products X | X X
Thermal loads X
H2 deflagration X X
Radioactive radiation X X
Earthquake X X
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2.5. Previous works on PARs and deactivation processes

2.5.1. Hydrogen PAR recombination

The behaviour of recombiners has been subject of several studies performed under different
conditions. The deactivation of such devices has been investigated as well. Studies that focus
on state-of-the-art on PARS, ignition phenomena and catalyst deactivation will be discussed in

this section due to the relevance in the subject.

Bachellerie et al. [16] carried out in 2003 a state-of-the-art on PARs as an objective of the
PARSOAR project co-sponsored by the European Commission in the Fifth Euratom
Framework Program and the Swiss government and devoted to hydrogen risk in nuclear power
plants. Another objective of the project was to elaborate a guide that defines an approach for
implementing catalytic recombiners in NPP and also to identify the experimental qualification
and computer code developments still required for the research and mitigation of the hydrogen
risk in nuclear power plants. This work focussed on the safety criteria that need to be respected
when defining/dimensioning the PAR. The project concluded that the selection of an optimal
location for the recombiner consists in a well-balancing between expert judgments and
computer code simulations. It shows that PARs must be subjected to periodic controls (visual

inspections and performance tests).

Payot et al. [17] investigated in 2012 the behaviour of a PAR in realistic containment conditions
during a severe Light Water nuclear Reactor (LWR) accident. Catalyst samples have been
exposed to an atmosphere representing a core meltdown accident, containing gaseous fission
products and aerosols released during degradation of an actual irradiated nuclear fuel. The
results from poisoning tests applied to PARs in typical severe accident conditions showed that

no serious poisoning effect can be noted under these conditions.

Meynet et al [18] numerically investigated the steady state PAR experiments performed in
REKO-3 facility at the German research center of Juelich (JULICH). Experiments with 2 and
4 vol. % of hydrogen were used as a basis for the validation and comparison of three numerical
codes in order to quantify the importance of main physical phenomena as heat radiation, solid
heat conduction and species thermal diffusion. The comparison shows the main influence of
radiative heat losses in all calculations and the minor participation of species thermal diffusion

while the solid heat conduction is more negligible.
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Studies dedicated to the operation of PARs have also been carried out in the frame of the OCDE
THAI project, performed in 3 different phases: THAI (2007-2009), THAI-2 (2011-2014) and
THAI-3 (2016-2019). The two first phases contributed to hydrogen and fission-product release
issues during accident conditions. The later phase investigated the open issues related to the
subject in the THAI+ facility. The projects provided an experimental database devoted to the
distribution of hydrogen in containment, its removal by PARs and hydrogen combustion
processes in accident conditions. lodine and aerosol interaction with PARS have been
investigated as well. The performance of recombiners under different thermal-hydraulic

conditions such oxygen starvation and ignition behaviour has also been studied.

The THAI vessel permits operation of medium sized commercial PAR units with free,
unrestricted natural convection. The 60m3 facility has 9.2 m height, 3.2 m diameter and it is
thermally insulated. Different parameters related to the PAR behaviour have been investigated:
onset of recombination, recombination rate, ignition potential and, oxygen starvation [19]. The
THAI test program constituted of a total of 30 tests for three different types of commercial
recombiners at various conditions of temperature, pressure and gas composition. One of the
main objectives of the THAI HR-tests was to investigate the ignition characteristics of

commercial PARs.

The THAI tests have showed that the performance of PAR is reduced under the stoichiometric
fuel/air ratio. These tests have revealed that a higher O2/H> ratio is required for the PAR operate

without loss of recombination.
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Figure 6: The THAI test vessel configuration and PAR types used in the tests [20].

Many studies have already been performed on recombiners to investigate catalyst deactivation,
notably prior their installation in NPPs. Recombiners manufacturers have performed
qualification tests on PARS in order to demonstrate their performance during accidental

conditions.

2.5.2. Qualification tests

Many qualification tests have been made for PARS by manufacturers, for example the tests

performed for the AREVA (now FRAMATOME) qualification program showed in Figure 7.
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Karlstein since 1989 Ongoing development and qualification

2002 CO, tests

Frankfurt 1991 Performance test in a multi-containment geometry (Battelle Model Containment)

Cadarache 1995 EDF KALI H, tests qualification for 900 MW PWR French accident scenario

1998 - Pre-tests simulating inactive core melt conditions with catalysts of different suppliers
- EDF/CEA KALI H; tests deflagration / degradation

2009 — OECD Csl-iodine interaction and high aerosol concentration test (up to 3g/m?)
- OECD-challenging poisoning severe accident atmospheric test
- High concentration poisons SnO;, LINO3, lodide

Cadarache 199510 1996  EPRI/EDF KALI H, tests qualification for US-ALWR

Figure 7: AREVA (now FRAMATOME) PAR qualification program [12]

A series of H2-PAR tests were carried out between 1996 and 1998 at the Cadarache Nuclear
Centre to investigate the performance of commercially available PARs. Electricité de France
(EDF) and Institut de Radioprotection et Sireté Nucléaire (IRSN) focused their activities on
the AREVA NP PAR (now FRAMATOME). The recombiners have been submitted to
qualification tests under a wide range of hydrogen concentrations, initial ambient gas
temperature and pressures, steam and potential poisons. During this program, the recombiner
was exposed to realistic aerosol generated by a molten core. The tests showed the effect of
aerosols on the recombination reaction and on catalytic poisoning by fission products in a severe
accident atmosphere [21]. The tests indicated no significant reduction in the recombiner

performance.

The H2-KALI tests performed by CEA (French Energy Atomic Commission) from 1993 until
1995 aimed at studying the effect of containment spray on the PAR efficiency.

Additional tests were performed to investigate the PAR operation under containment spray
conditions with a trisodiumphosphate (TSP), hydrazine, and boric acid solution. The results
demonstrated that the PAR efficiency is not significantly influenced by spraying of TSP, boric
acid, and hydrazine (in comparison to demineralized water).
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The KALI test facility also allowed cable fires tests to investigate the effect of cable combustion
fumes on PAR performance. Even though, the catalyst was exposed to cable fire combustion

products for several minutes, there was no impact on the efficiency of the recombiner.

Tests carried out at the KALI H2 by the CEA focused on the behavior of the PARs during and
after a design basis and severe accident in boiling water reactors and pressurized water reactors.
Effect of steam and low hydrogen have been investigated as well as potential poisons as carbon

monoxide and cable fire products.

More detailed results and other qualification tests can be found in [21].
2.5.3. Investigation of fouling in recombiners

Recombiners installed in the German NPP Emsland (KKE) are subjected to periodical controls
due to their exposition to various airbone substances during normal operation. During this
procedure, some of the catalyst sheets installed in the 58 PAR of AREVA design showed a
delay in the start of recombination. First analysis indicated a beginning of fouling on the
catalytic surface. A study conducted in cooperation between KKE, Forschungszentrum Juelich
and RWTH Aachen University aimed at characterizing the composition of the fouling and to
correlate it with potential sources within the containment. Sample sheets were selected from
the installation and were subjected to a chemical surface analysis in order to identify effects
like sintering, poisoning or blocking of the catalytic surface. [22]. Moreover, the samples were
subjected to tests that allow the correlation of the chemically quantified deposition on the
catalyst with the characteristics of the start-up and the steady-state performance of the

recombination. Later, possible sources of the fouling were analysed.

The reports of the periodic inspections were statistically assessed to provide a basis for the
selection of appropriate samples. The recombiners were classified according to their location
in the compartment and ventilation zones of the containment. PARs installed at staircases, pipe
ducts and the four compartments of the circulation fans of the large plant compartment did not
show any indication of fouling. However, PARs installed at and above the reactor pool level,
especially those near the ventilation fans on the steam generator indicated fouling and the
beginning of deactivation. Inspections reports presented the delayed response of these catalyst

sheets combined with smoke production from surface reactions.
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For the chemical surface analyses the sheets were cut into six stripes and for the performance
tests they were cut into one square. New catalyst sheets from the KKE were used as reference
for normal operation samples. A set of performance tests was performed in the REKO-3 facility
at the Institute for Safety Research and Reactor Technology (IEF-6) at Forschungszentrum
Juelich in order to investigate the impact of fouling on the performance of the catalyst sheets
so the selected samples for chemical analysis were truly affected by the fouling. The samples
were installed inside a vertical rectangular flow channel. The catalyst temperature was
measured by means of a pyrometer through an optical access window. The hydrogen and
oxygen concentration were measured at different vertical positions by means of gas analysers

with continuous gas sampling.

All tested samples showed the formation of smoke and smell and significant delay in the
recombination start-up under the specified test conditions. The comparison between the
behaviour of a normal condition and a deactivated catalyst sheets is shown in Figure 8. The
catalyst temperature was measured at the bottom edge of catalyst plate. The top diagram shows
the start-up behaviour of a fresh catalyst sheet in its normal condition while the bottom diagram
shows the performance of a deactivated catalyst sample. It is possible to observe that there is a
significant delay in the start-up of the deactivated catalyst sheets. At 1 vol. % hydrogen, no start
of the catalytic reaction was observed for at least 15 minutes. When the inlet content is increased
to 1.5 vol. % a slow continuous decrease in the outlet concentration indicates a gradual start of
the recombination reaction. Once the reaction accelerates, the burn-off of the fouling is
indicated by a temperature peak accompanied by a visible smoke emission. At higher hydrogen

concentrations, the sample recovers to full capacity.

In addition to (organic) fouling that could block the catalytic surface and could cause the smoke
production, the damage could be caused by an inorganic poisoning of the catalyst. In order to
chemically analyse the catalyst sheet and identify possible sources of poisoning, a semi-
quantitative X-ray fluorescence analysis (XRF) was performed at the Central Division for
Analytical Chemistry (ZCH). A significant amount of Sulphur was detected, in comparison to
the normal operation samples. Since no further catalyst poisons were detected in significant
amounts, the possibility of deposition of welding smoke (e.g. titanium oxide, ferrous oxides),
aerosols from drilling or grinding work and particles resulting from the maintenance of the

reactor was eliminated.
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To identify the composition of the fouling, its chemical fingerprint was analysed at the Institute
of Chemistry and Dynamics of the Geosphere (ICG-V) by means of pyrolytic gas
chromatography with mass spectrometer coupling (Py-GC/MS). The detected chemical patterns
of all samples were identical but with different mass distributions of the compounds, which
indicates a global source. The fouling mainly consists of single and polycyclic aromatic
hydrocarbons. The chemical analysis and the fact that all the impacted PARs were located in
areas with air exchange rates and near ventilation fans, made possible to assume that the cause
of the fouling was an external carbon and sulphur source transported into the containment in

the form of particulate matter by external air supply.

In this case, the organic compounds were completely burned-off, while the sulphur compounds
were retained. The catalyst sheets had performed normally and were not affected by the
remaining sulphur compounds after its regeneration. The regeneration procedure involves
thermal stress on the catalytic coating. Analysis of the surface showed that once the catalyst

had been regenerated the structure and performance was no