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ABSTRACT
The evaluation of Passive Autocatalytic Recombiners (PARs) performance has been foreseen from the EU stress
tests in the frarnework of a complementary and comprehensive review of the safety of the Nuclear Power Plants
(NPPs).The study presented in this work analyses the size,location and number of the PARs to minimise the risk
arising from a hydrogen release and its distribution in the containment building dur ing a hypothetical severe
accident
A detailed 30 rnodel of a PWR KWU containment type was used for the simulations.The numerical tool is the
GOTHIC 8.1 containrnent code, which can model certain aspects of the system geometry and beha viour in more
detail than typically considered in containment performance analysis.The severe accident scenario chosen is a
fast release of hydrogen steam mixture from hot leg creep rupture during SBO (Station Black Out)
accident.
In the first place, the hydrogen preferential pathways and points of hydrogen accumulation were studied and
identified starting from the base case scenario without any mitigation measure. Secondly, a con figuration of
PARs was simulated under the same conditions ofthe unmitigated case.The number of PARs considered is 40
units distributed all over the containrnent building.
The PAR configuration offered an improvement in the chosen accidental scenario, decreasing the pos sibility of
hydrogen combustion in all the containment compartrnents at the end of the transient The analyses showed
that this PAR configuration could lead toa reduction between 30 45% of the final hydro gen concentration.The
hydrogen combustion risk is decreased with final hydrogen concentration values below the flamrnability limit
(hydrogen concentration below 7% ). Nonetheless, the analysis showed the inability of the PARs to recombine in
the early stage of the fast release ( the first 1 2min in this sequence), due to their inertia and occurrence of
oxygen starvation conditions.

1 Introduction
The hydrogen production, distribution and combustion in a post-accident containment represent one
of the most significant hazards for the containment integrity (Kljenak et al., 2012). The Passive
Autocatalytic Recombiner (PAR) implementation is under study in many operating NPPs to reduce the
hydrogen concentra tion during severe accidents, by converting the hydrogen into steam. This
method is totally passive and requires studies that accurately predict the hydrogen pathways to
ensure an unim paired PAR performance. The use of this technology is the most extensively deployed
strategy to consume the hydrogen befare it could reach flammable concentrations during a severe
accident, particularly during acddents with loss of electric power supply. The PAR implementation
project was developed according to the known guidelines in severe accident management. Firstly, the

IAEA TECDOC 1661 (IAEA, 2011) provided a guidance and support
in severe accident management implementing various strategies
regarding the hydrogen mitigation. These measures include the
use of PARs for reduction of the hydrogen concentration. The TEC
DOC also recommended the use of Computational Fluid Dynamics
(CFD) and Containment 3D codes for hydrogen distribution analy
sis. Secondly, the PARSOAR project was dedicated to hydrogen risk
assessment in nuclear power plant containments, focusing on sev
ere accidents and development of countermeasures (Bachellerie
et al., 2003). The project elaborated a handbook aimed at guiding
the implementation of hydrogen recombiners in nuclear power
plants. Following the guidelines from these two references, it
was possible to set a preliminary configuration of PARs in the
containment.
After the number and location of these recombiners are defined,
a demonstration of the efficiency of the PAR system installation is
required by comparing the sequences with and without recombin
ers, in order to quantify the reduction achieved in the combustion
risk. A code with 3D capabilities is essential to simulate complex
containment geometries.
To decide which tools are more appropriate for this task, the
technical reports from the OECD/NEA have provided an exhaustive
overview on the main simulation tools for hydrogen risk problems
(NEA, 1999, 2015). The use of 3D containment codes has been
widely extended for detailed containment mass and energy release
simulations throughout the last years (Chen et al., 2011, 2012;
Papini et al., 2011; Jimenez et al., 2015; Ozdemir et al., 2015a;
Bocanegra et al., 2016; Xiao et al., 2016). In the named NEA reports,
the use of a suite of tools such as a combination of a lumped
parameter code, like MELCOR or MAAP, with a 3D containment
code, like GOTHIC or GASFLOW, is highly recommended for hydro
gen risk mitigation analysis.
Many researchers have used this combination of tools for
hydrogen simulations in the past. Researchers from KIT performed
comparative calculations between the LP code MELCOR and the 3D
CFD code GASFLOW, calculating the hydrogen distribution in PWR
KWU containment (Szabo et al., 2012, 2014). Several studies per
formed by Grgić et al. (2012, 2014a,b) for PAR implementation
are based on this suite of tools for the simulations. Mass and
energy sources are obtained using the MAAP code and a 3D
GOTHIC containment model is used for predicting the hydrogen
distribution. The NAI Company (developers of GOTHIC) performed
an extensive analysis of the Fukushima I accident using MAAP5 as
the source code and GOTHIC as the code to simulate the detailed
response of the containment (Ozdemir et al., 2015b).
Breitung et al. proposed a methodology for hydrogen risk and
mitigation analysis in SA scenarios using several codes, including
GASFLOW (Breitung, 1997; Breitung and Royl, 2000; Royl et al.,
2000; Xiao et al., 2016). This methodology consists of several steps
that include the selection of limiting scenarios, hydrogen sources,
distribution and mitigation, and, finally, analysis of combustion
regimes. An evolution of this methodology was applied also in
the licensing process of the EPR in the UK (HSE, 2011a, 2013;
Dimmelmeier et al., 2012). In particular, the MAAP4 code was used
as SA code, applying COCOSYS for cases that needed more detail.
The authors used GASFLOW for the most penalising scenarios.
Cases involving supersonic deflagrations or detonations were sim
ulated with another code called COM3D.
Based on these references, CFD codes and/or containment codes
with 3D capabilities are established as state of the art numerical
tools for hydrogen risk analysis in nuclear power plant contain
ment buildings.
In the present paper, the MELCOR code is used to obtain mass
and energy sources to be implemented in a detailed 3D model
developed with the GOTHIC code. On the one hand, GOTHIC is a
containment code often used as lumped parameter code, but that

offers also CFD like capabilities for subdivided volumes predicting
the thermal hydraulic behaviour with the conservation equations
of mass, momentum and energy for multi component, multi
phase flow, and which can model certain aspects of the system
geometry and behaviour in more detail than typically considered
in containment performance analysis (EPRI, 2014). On the other
hand, MELCOR is a lumped parameter and integrated code that
simulates all the physical processes with hydrogen generation dur
ing an SA and gives mass and energy sources of gases released to
the containment (SNL, 2015). Lumped parameter codes can pro
vide average hydrogen concentrations but they have inherent lim
itations concerning the conservation of momentum between
control volumes and turbulent mixing, therefore they are not sui
ted for detailed hydrogen distribution and mitigation studies. As
a conclusion, the utilisation of GOTHIC shows clear advantages
compared to lumped parameter codes in terms of precision, and
to CFD codes, mainly in terms of lower calculation costs thanks
to the adoption of a relatively coarse mesh. The fair accuracy of
GOTHIC coarse mesh models has been demonstrated with a num
ber of experimental exercises, as the OECD/NEA PSI CFD bench
mark (at the PANDA facility in Switzerland) (Andreani et al.,
2015; Fernández Cosials et al., 2015).
The methodology for assessing the mitigation of the hydrogen
risk via PARs is thoroughly presented in (Serrano et al., 2016),
where it was applied to install the PARs in a BWR Mark III contain
ment type. The methodology proposed by the authors establishes
an accurate reference for analysing PARs installation within con
tainment with specific application for BWR. In this paper, the four
steps of the methodology for PARs sizing and location analysis are
extended to a large dry PWR containment (namely KWU). A
detailed 3D model representing the containment building of a
PWR KWU is considered. A suitable severe accident characterised
by the fast release of hydrogen is chosen for analysing the distribu
tion of hydrogen and evaluating the PAR implementation process.
A preliminary configuration of PAR layout is described and the cor
responding effectiveness in reducing the combustion risk is
quantified.
2. Methodology for PAR analysis
The methodology for PARs installation analysis is divided into
four steps: step 1 selection of the scenario simulated with the
severe accident code MELCOR to obtain mass and energy sources;
step 2 development of a 3D containment model with the GOTHIC
code; step 3 hydrogen distribution analysis in containment; step 4
PAR location, implementation and analysis of efficiency (Serrano
et al., 2016). The methodology is described and summarised in the
diagram of Fig. 1, showing the sequence of each step in the PAR
implementation and location process.
2.1. Step 1: Hydrogen limiting sequence
The severe accident scenario considered is a total Station Black
Out (SBO) with high temperature creep rupture of the hot leg,
which produces a fast release of a mixture of steam and hydrogen.
The scenario was chosen to study the containment behaviour after
a fast gas release, considered as the limiting sequence regarding
the hydrogen combustion risk in containment. The fast release
means that the gases from the primary system are injected in
few seconds to the containment.
Mass and energy sources were obtained with MELCOR code.
Arbitrary but conservative assumptions are made when simulating
the transient. The hydrogen mass implemented in the GOTHIC sim
ulations was twice the amount calculated with MELCOR. A total of
312 kg of hydrogen is released (considering only the in vessel

the analysis only considers the possibility of PARs as ignition
source, but does not imply that there is no combustion risk (the
flammability curve is still crossed at the early stage of the tran
sient) or that there are no other ignition sources within the con
tainment (given, e.g., by electrical cables or equipment).
3. Conclusions
The study presented in this paper applied a methodology for
location, sizing and quantity of PARs to be installed in a PWR
KWU containment building for minimising the hydrogen combus
tion risk. The methodology is divided into four steps. The hydrogen
discharge (mass and energy release) was evaluated with the MEL
COR code for a total Station Black Out (SBO) accident with a fast
release of steam and hydrogen mixture (step 1). A detail 3D
GOTHIC model was used to analyse the hydrogen distribution
and determine the preferential hydrogen pathways and areas of
hydrogen accumulation along the containment (step 2 and step
3). The PARs implementation process addressed the preferential
zones of hydrogen flow and accumulation, which were identified
in the steam generator towers and the dome. The hydrogen accu
mulates mostly in the dome due to its fast diffusion and rises to
the upper part of the containment. Finally, a demonstration of
the efficiency of the PARs system installation was performed by
comparing the unmitigated and mitigated sequences (step 4).
A large PAR, the Areva FR1 1500T, was chosen for the simula
tions according to recombination performance and space available
in the containment. The recombiner performance was studied in
depth, with emphasis on oxygen starvation conditions and PAR
ignition potential. The PAR preliminary configuration consisted of
40 PARs distributed all over the containment enclosures: 21 units
placed in the dome region, 15 units placed in the steam generator
towers, and 4 units located in the lower part of the containment.
The PARs can operate with the nominal rate only after the atmo
sphere displacement induced by the fast hydrogen discharge is
cleared and the conditions of oxygen starvation are excluded.
The output of the analysis of ignition by PAR confirmed that the
entire PAR fleet chosen is out of ignition risk, even under the tough
condition simulated. The assessment of the ignition by PAR is
important for the viability of a severe accident management based
on this specific passive mitigation system and should be intro
duced into PSA studies.
In view of the results, the PARs are demonstrated to offer an
improvement in the chosen accidental scenario, decreasing the
possibility of hydrogen combustion in comparison with the unmit
igated case. The analyses showed that this PAR configuration could
lead to a reduction of 30 45% of the final hydrogen concentration.
The hydrogen combustion risk is decreased with final hydrogen
concentration values below the flammability limit (hydrogen con
centration below 7%). Nevertheless, it has been shown that the
PARs are unable to recombine in the early period of the fast release
(approximately quantified in the first 1 2 min in this sequence
depending on the containment zone), due to their inertia and
occurrence of oxygen starvation conditions, then failing to prevent
completely the combustion risk for a limiting scenario with fast
hydrogen release.
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