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b Forschungszentrum Jülich GmbH, Wilhelm-Johnen-Straße, 52425 Jülich, Germany
c Consejo de Seguridad Nuclear, C/ Pedro Justo Dorado Dellmans, 11, 28040 Madrid, Spain
d Becker Technologies GmbH, Rahmannstraße 11, 65760 Eschborn, Germany

A R T I C L E  I N F O

Keywords:
PARs
Hydrogen risk
Severe accident
THAI
REKO-3

A B S T R A C T

In case of a nuclear accident with core damage in a light water reactor, the oxidation of the fuel cladding and 
other materials could lead to the release of combustible gases (H2 and CO) to the containment building. To 
mitigate the potential risk of combustion of these gases, passive autocatalytic recombiners (PARs) have been 
installed in numerous nuclear reactors in Europe and worldwide. PARs recombine H2 and CO with O2 producing 
H2O and CO2, respectively, without an open flame.

PARUPM is a code that simulates the behaviour of PARs using a physicochemical model approach. In the 
framework of the AMHYCO project (EU-funded Horizon 2020 project), which seeks to advance the under-
standing and simulation capabilities to support the combustion risk management in severe accidents, the code 
has been extensively enhanced and developed to simulate PAR operation with H2/CO/O2/steam mixtures. 
Alongside these new capabilities, the code needed a new validation process.

In this paper, the process of validation of PARUPM as a standalone code is described. The validation for steady 
state conditions was achieved through comparison with REKO-3 experimental data while the transient conditions 
were compared with results obtained with the THAI test facility. A thorough analysis of the code capabilities was 
performed by comparing the numerical results with experimental data for a broad series of conditions, namely: a 
range of different input gas temperatures and concentrations, oxygen starvation, CO poisoning, etc.

1. Introduction

Hydrogen and carbon monoxide are both potentially hazardous 
combustible gases, that are produced during severe accidents in nuclear 
power plants. After mixing with air, they could pose a threat to 
containment integrity in case of deflagration or –particularly- detona-
tion. To address this risk, passive auto-catalytic recombiners (PARs) 
have been widely installed within containment buildings in Europe 
(ENSREG, 2012) and worldwide (NEA, 2014). PARs are self-starting 
devices, which facilitate the conversion of hydrogen and carbon mon-
oxide into steam and carbon dioxide, respectively. Moreover, the 
recombiners can support the global convection and enhance the mixing 
in the containment atmosphere, thereby reducing local buildups of H2/ 

CO concentrations. Thus, recombiners are crucial elements in prevent-
ing the risk of combustion or explosion of these gases (Bachellerie et al.; 
Bentaib et al., 2015).

The most common PAR design consists of an array of vertical catalyst 
sheets located at the bottom of a rectangular housing (Fig. 1). The sheets 
are covered by a catalyst based on platinum or palladium, that facilitates 
the recombination reactions (1) and (2) that take place on the surface, by 
lowering the respective activation energy. Thus, reactions can occur at 
lower temperatures and reactant concentrations than in the non- 
catalysed gaseous phase. 

H2 +1/2 O2→H2Ov +242 kJ/mol (1) 

CO+ 1/2 O2 → CO2 +283 kJ/mol (2) 

* Corresponding author.
E-mail address: araceli.dominguez@upm.es (A. Dominguez-Bugarin). 

Contents lists available at ScienceDirect

Nuclear Engineering and Design

journal homepage: www.elsevier.com/locate/nucengdes

https://doi.org/10.1016/j.nucengdes.2024.113722
Received 24 July 2024; Received in revised form 16 October 2024; Accepted 15 November 2024  

Nuclear Engineering and Design 431 (2025) 113722 

Available online 22 November 2024 
0029-5493/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:araceli.dominguez@upm.es
www.sciencedirect.com/science/journal/00295493
https://www.elsevier.com/locate/nucengdes
https://doi.org/10.1016/j.nucengdes.2024.113722
https://doi.org/10.1016/j.nucengdes.2024.113722
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nucengdes.2024.113722&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


The reaction of gaseous species on the catalyst sheets is a result of 
different transport and reaction processes involving the gas species and 
the catalytic surface, which run coupled with each other: diffusion 
through the boundary layer of a channelled stream, adsorption/ 
desorption on and from the active sites on the surface, and chemical 
reactions at the surface. The heat produced by these reactions increases 
the surface temperature in the heating phase, powers the reaction rates, 
warms the gas mixture between the catalyst sheets, and reduces the gas 
density through a PAR, inducing a self-sustained flow driven by natural 
convection. The operation of the PAR may be hindered or even pre-
vented by the presence of poisoning species, inverse density gradients, 
and pressure losses through the device (Arnould, 2003).

All these phenomena must be addressed in a coupled way to accu-
rately model the behaviour of PARs installed in nuclear reactor 
containment. Therefore, advanced computational codes specifically 
designed for PARs have been developed to simulate their performance. 
Comprehensive computational codes for predictive safety analyses have 
traditionally relied on empirical expressions that correlate the hydrogen 
recombination rate with environmental conditions such as temperature, 
pressure and reactant concentration. One example of this approach is 
the Framatome PAR correlation (Carcassi and Bazzicchi, 1997).

However, the applicability of these correlations is strongly depen-
dent on the boundary conditions in the experiments from which they 
were derived and hence their validation is restricted to the flow condi-
tions covered by those tests. Thus, despite the advantages of traditional 
empirical models in terms of low computational costs, their applicability 
is constrained to scenarios compatible with the range of situations from 
which the correlation was obtained. Hence, a need for more advanced 
computational tools capable of accurately predicting PAR behaviour 
across a broader spectrum of conditions arises (IAEA, 2011).

Mechanistic codes utilize mathematical descriptions of the physical 
processes occurring within the catalytic box. This approach offers a 
theoretical understanding of PAR behaviour and provides insights into 
the internal mechanisms governing recombination. The 2D mechanistic 
code REKO-DIREKT (Boehm, 2007), developed at FZJ, combines a nu-
merical model of the heat and mass transfer phenomena inside the 
catalyst section with a generic chimney model. Thus, this model is 
capable of providing the local gas composition as well as the catalyst 
temperature profile through the PAR, although the chemical reactions 
on the catalyst surface are not considered in the code.

Finally, full chemistry codes solve the full set of chemical reactions in 
the scheme as well as describe the physical processes related to the 
catalytic recombiner. One example of this type of codes is SPARK (Payot 

et al., 2012), a 2D numerical tool developed by IRSN dedicated to cat-
alytic reactions and recombiner modelling. The code calculates the 
molar concentrations in gas phase and the surface production rates with 
a detailed chemical mechanism that provides precise information about 
the conditions on the catalytic surface. Nevertheless, although this code 
may provide detailed information about the processes within the 
recombiner, the high computational cost stands as a drawback for its 
application to full nuclear accident transient simulations.

The European project AMHYCO (Euratom 2019-2020, GA No 
945057) (Jiménez et al., 2022) aims at improving the simulation ca-
pabilities to support H2/CO combustion risk management in severe ac-
cidents based on knowledge from experimental investigations. The 
project’s three major goals are: 

• To experimentally investigate phenomena that are difficult to predict 
theoretically: H2/CO combustion and PARs behaviour under realistic 
accidental conditions, taking into account their interaction with 
safety systems.

• To improve the predictability of analysis tools –Lumped Parameter 
(LP), 3D and Computational Fluid Dynamics (CFD) codes– used for 
explosion hazard evaluation inside the reactor containment and 
providing support to Severe Accident Management Guidelines 
(SAMGs) design and development.

• To improve the Severe Accident Management Guidelines for both in- 
vessel and ex-vessel phases with respect to combustible gases risk 
management, using theoretical simulation and experimental results.

Thus, there is an interest in developing a mechanistic model that can 
examine in greater detail the complex processes that take place on the 
PAR catalytic surface and that enables dealing with evolving scenarios 
during a severe accident with affordable computational cost (Reinecke 
et al., 2010).

PARUPM is a physico-chemical code, developed at the UPM 
(Jiménez, 2007), that simulates the behaviour of PARs based on the 
surface chemistry on platinum-based catalytic surfaces as well as the 
heat and mass transfer processes between the catalyst and the gaseous 
mixtures of hydrogen, carbon monoxide, air, steam, and carbon dioxide. 
This code is capable of resolving the chemical reaction scheme without 
the high computational cost of other codes of this kind. Hence, in the 
context of the AMHYCO project, the PARUPM code has been proposed as 
a tool for simulating PARs behaviour in full containments under realistic 
conditions.

In this paper, a validation process of the PARUPM code as a stand-
alone tool was performed to qualify the use of the code for severe ac-
cident scenarios. Several aspects of PARs performance (i.e., 
recombination rate under oxygen-rich and oxygen-lean conditions, CO 
poisoning in O2-lean condition) have been evaluated in detail. This 
validation is performed through standalone simulations under both 
steady-state and transient conditions. The results obtained with the 
PARUPM code have been compared to experimental data obtained from 
both the REKO-3 facility (Reinecke et al., 2004) and the THAI contain-
ment facility (Gupta et al., 2016) program tests. Finally, a quantitative 
analysis between the code results and the experiments has been 
performed.

2. Description of the PARUPM code

PARUPM is a physico-chemical PAR code developed at the School of 
Industry Engineering at the Universidad Politécnica de Madrid 
(Jiménez, 2007). This code accounts for the various phenomena that 
take place in the recombiner to numerically simulate the behaviour of a 
PAR device. The recombiner section is conceptualized as an array of 
vertical flow channels separated by vertical parallel sheets with an up-
ward vertical flow driven by natural convection passing through the 
channels. The code is adapted and developed for surface chemistry and 
heat and mass transfer between gaseous mixtures of H2, CO, air, steam 

Fig. 1. Scheme of a generic PAR (Jiménez et al., 2007).
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and CO2 and the platinum-coated parallel vertical surfaces of the 
recombiner section (Domínguez-Bugarín et al., 2022).

Furthermore, PARUPM is based on a simplified scheme of the surface 
methane combustion by (Deutschmann et al., 1996) and the Elenbaas’ 
analysis (Elenbaas, 1942) for natural convection-induced heat transfer 
between parallel sheets. The analogy between mass and heat transfer is 
used to treat the diffusive transport to the catalyst surface.

A first validation effort was performed in (Jiménez et al., 2007) 
although, due to a lack of available experimental data at the time, the 
code was not further validated. Nowadays, and in the context of the 
AMHYCO project, a new modelling enhancement and validation process 
has been performed on the PARUPM code. This new effort may be 
divided in the following steps: 

• The code, that was originally coupled to MELCOR 1.8.5, experienced 
a decoupling process. Thereby, PARUPM could be used as a stand-
alone module. In this process, a new recombination rate approach 
based on mass diffusion was added, as well as a chimney model to get 
a better estimation of the PAR inlet flow velocity. This first step is 
described in detail in (Domínguez-Bugarín et al., 2022).

• The next step was a steady-state validation using data available from 
the REKO-3 test facility. In this stage, the code was further developed 
for simulating the behaviour of PARs under conditions typical of the 
late phase of a severe accident (e.g., low oxygen concentration, 
presence of other combustible gases such as carbon monoxide).

• Lastly, the PARUPM code was enhanced for transient conditions, i.e., 
the code performance was tested under evolving gas atmospheres 
and the associated boundary conditions. This last step was performed 
with data available from the THAI experiments and the capabilities 
of the code as a tool for simulating PARs in full containment analysis 
were checked.

These two last steps are explored in this work.
Surface chemistry
The code focuses on the surface reactions (heterogeneous), consid-

ering the reactions in the gas flow (homogeneous) to happen at a rate 
negligible in comparison. Consequently, recombination at the catalyst 
occurs via a reaction chain for the Pt-catalysed combustion of the species 
CO and H2 adsorbed on the catalyst surface as shown in Fig. 2. These 
processes are described by a simplified Deutschmann model for the 
combustion of CH4 on platinum catalysts through a series of 10 re-
actions. The reactions of the chemical model are shown on Table 1.

The table defines the values of the following parameters of the 
chemical reactions: the sticking factor, Sia, a dimensionless parameter; 
the pre-exponential factor, Ai, also dimensionless; and the activation 
energy of the reaction, Eact

i in J/mol. In addition, i(s) describes the 
species i adsorbed on the catalyst and Pt(s) represents the presence of an 
active (void) site in the solid matrix where the chemical radicals are 
housed. The subscripts a/d indicate that the reactions are adsorption/ 
desorption of species, respectively. Also, R is the universal gas constant.

In the PARUPM code, the desorption reactions are defined through a 
general Arrhenius law: 

ki,d = Aie
−

Ei
act

RTw (3) 

where Tw is the surface temperature.
On the other hand, species adsorption reactions are modelled 

through sticking factors, Si,a (Table 1): 

ki,a =
Si,a

Γ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πRTWi

√ (4) 

where Wi is the molecular weight of the specie i, and Γ is the number of 
sites per unit area on the catalyst surface. Meanwhile, the remaining 
catalytic reactions, which describe the reactions between the surface- 
adsorbed species, are described as general Langmuir-Hinshelwood- 

type mechanisms. During the whole recombination process species are 
being adsorbed to and desorbed from the active sites (Fig. 2). The 
availability of hydrogen, oxygen and carbon monoxide on the catalyst 
surface and their proportions determine the recombination rate of the 
process. The adsorption and desorption of species depend highly on the 
surface temperature Tw. The full description of the modelling imple-
mented in the PARUPM code can be found in (Domínguez-Bugarín et al., 
2022).

Fig. 2. Simplified scheme of active sites occupancy on a catalyst material 
(Reinecke, 2023). Reactants (H2 and CO) are (1) diffused through the boundary 
layer, (2) absorbed on the active site, (3,4,5) chemical reactions take place on 
the site, (6) products are desorbed, and (7) products are diffused through the 
boundary layer.

Table 1 
Reactions scheme based on a simplified Deutschmann combustion model for 
methane catalysed with Pt (Deutschmann, 1996).

Elemental Reaction Sia Ai Eact
i (J/mol)

1a) H2 + 2Pt(s) → 2H(s) 0.046 − −

1d) 2H(s) → H2 + 2Pt(s) − 3.7 ×
1017

R(8110-722θH)

2a) O2 + 2Pt(s) → 2O(s) 0.07× (300/ 
T)

− −

2d) 2O(s) → O2 + 2Pt(s) − 3.7 ×
1017

R(25631- 
7220θO)

3a) H2O + Pt(s) → H2O(s) 0.75 − −

3d) H2O(s) → H2O + Pt(s) − 1013 40,300
4) H(s) + O(s) → OH(s) + Pt(s) − 3.7 ×

1017
11,500

5) H(s) + OH(s) → H2O + Pt(s) − 3.7 ×
1017

17,400

6) OH(s) + OH(s) → H2O + O(s) − 3.7 ×
1017

48,200

7a) CO + Pt(s) → CO(s) 0.84 − −

7d) CO(s) → CO + Pt(s) − 1013 125,500
8d) CO2(s) → CO2 + Pt(s) − 1013 20,500
9) CO(s) + O(s) → CO2(s) + Pt 

(s)
− 3.7 ×

1017
105,000

10+)  C(s) + O(s) → CO(s) + Pt 
(s)

− 3.7 ×
1017

62,800

10-) CO(s) + Pt(s) → C(s) + O(s) − 1014 184,000
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3. Description of experimental facilities

To help in the development and validation of safety codes, as well as 
in the general design and enhancement of passive mitigation systems, 
international projects have focused on accident-typical conditions in the 
containment of a water-cooled reactor. These experiments have been 
envisaged and performed to establish a database that allows producing 
better models that simulate the behaviour of a recombiner. In this work, 
the analysis was focused on the databases provided by the REKO-3 fa-
cility (Reinecke et al., 2004) at Forschungszentrum Jülich GmbH (FZJ) 
and the THAI (Gupta et al., 2016) program tests performed by Becker 
Technologies GmbH.

3.1. REKO-3

The compact-scale test facility REKO-3 (Reinecke et al., 2010), 
developed FZJ and shown in Fig. 3, serves as a dedicated platform for the 
detailed examination of catalyst samples within a vertical flow channel. 
The experimental setup provides well defined conditions for the gas 
mixture composition, flow rate, and inlet temperature.

The key element of this set-up is a vertical rectangular flow channel 
equipped with 4 catalytic sheets. These sheets are composed of stainless 
steel with a ceramic wash coat containing platinum. The flow channel 
outlet section leads into an exhaust-air stack. This configuration mimics 
a box-type recombiner section, based on the Framatome design princi-
ples. A well-defined gas mixture, which is composed of air, hydrogen, 
nitrogen (to obtain oxygen-lean conditions), carbon monoxide, and 
steam is supplied at the channel inlet and monitored by means of mass 
flow controllers. This gas mixture flows at a pre-defined velocity through 
the catalyst section (Reinecke et al., 2022).

The primary objective of the REKO-3 experiments is to study the 
relevant processes occurring on plate-type catalysts (Reinecke et al., 
2004). For this purpose, the natural convection effect occurring in a real 
PAR is intentionally removed by imposing predefined forced flow con-
ditions. As a result, the experimental data obtained from this facility 
authentically represent the performance of a recombiner under steady- 
state conditions. It is worth noting that the pressure in REKO-3 experi-
ments is always the ambient pressure, i.e., there is not a force pressure 
added to the experiment since it is an open channel, and the temperature 
will depend on the inlet conditions for each individual test.

The plate temperature is measured with thermocouples located at 
different vertical positions inside the catalyst plate while the outlet 
concentrations are measured with a gas analyser.

3.2. THAI facility

The test facility THAI (thermal-hydraulics, hydrogen, aerosol, and 
iodine) (NEA, 2010), operated by Becker Technologies GmbH, addresses 
open questions concerning gas distribution, behaviour of hydrogen, 
iodine and aerosols in the containment of light water reactors during 
severe accidents. Since 2000, several series of experimental campaigns, 
funded by national and international projects (Gupta et al., 2021), have 
been performed. Their main objective is to provide containment-specific 
experimental databases for the development and validation of LP and 
CFD codes in the context of reactor safety analyses. This facilitates the 
investigation of specific issues for light water reactors (LWR) under se-
vere accident conditions, i.e. thermal hydraulics, hydrogen distribution, 
combustion, and mitigation, as well as fission product behaviour.

In the context of the international project OECD/NEA THAI (Gupta 
et al., 2016) and THAI National project (Freitag et al., 2020), a series of 
experiments involving hydrogen recombination (HR) tests were con-
ducted over the past decade. These tests systematically varied factors 
such as initial thermal–hydraulic conditions (i.e. pressure, temperatures, 
steam concentrations, etc.) to investigate the onset of recombination, 
recombination rate and ignition potential under ambient/saturated/ 
superheated steam atmospheres and elevated initial pressure and tem-
perature conditions. The effect of O2 starvation, a phenomenon 
expectable during the late phase of severe accidents, was also studied 
(Bentaib et al., 2015), as well as the influence of thermal–hydraulic 
conditions on the oxidation of carbon monoxide on the catalyst sheets 
and the effect of CO on the H2 recombination rate under normal oper-
ating and oxygen starvation conditions (Freitag et al., 2020). Several of 
the recombiner experiments performed in the aforesaid experimental 
programs were used for the validation exercise in this work.

The main component of the THAI facility is a 60 m3 stainless steel 
vessel, 9.2 m high and 3.2 m in diameter, with removable internals for 
multi-compartment investigations (Fig. 4 left). In the case of the HR 
tests, an inner cylinder is located in the centre of the main vessel and the 
recombiner is placed at the outer wall of this cylinder (Fig. 4 right).

Tests considered for the PARUPM code validation were performed 
with a Framatome FR90/1-380 T (Framatome, 2024) recombiner with a 
50 % reduction of both the inlet cross-section and the number of catalyst 
sheets. All tests were run with a first injection phase of combustible 
gases, a subsequent depletion phase, a second gas injection phase, and a 
second and last depletion phase. The tests selected for the transient 
PARUPM validation were the HR-2 and HR-12 from the OECD/NEA- 
THAI project, as well as the tests HR-51 and HR-53 from the THAI Na-
tional project.

Fig. 3. Scheme of the modular setup of the REKO-3 flow channel (left) and the internal flow paths (right). (Bachellerie et al.).
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4. Standalone code validation

The validation of the PARUPM code as a standalone module has been 
performed in two stages: the first one is a validation under steady-state 
conditions and the second one a validation under transient conditions.

4.1. Steady-state validation

The first step in the validation process consisted of analysing the 
code capabilities for phenomena expected during the ex-vessel phase of 
severe accidents, i.e., O2 starvation and CO recombination. Using the 
data from REKO-3 experiments, the code was adapted to better suit the 
behaviour of a recombiner under conditions of lean oxygen availability 
with the presence of carbon monoxide.

4.1.1. Recombination rate
First, an enhancement process on the PARUPM code was performed. 

Originally, the recombination rate calculated by PARUPM was based on 
the surface reaction. Studies have shown that under stable catalyst 
temperature conditions the recombination process is primarily driven by 
the diffusion of species through the boundary layer (Reinecke et al., 
2010). Thus, although the code calculates the recombination rate by 
both diffusion and chemical reaction processes, the final value chosen 
for the recombination rates is the one obtained with the diffusion model, 
since it is the most restrictive one. This decision is supported by the 
results shown in (Domínguez-Bugarín et al., 2022) where more accurate 
results are obtained once the diffusion model is considered for calcu-
lating the recombination rate instead of the chemical reaction rate.

4.1.2. O2 starvation
To study the effect of oxygen starvation on PAR performance (i.e., 

low oxygen concentrations are available in the surrounding area 
reducing the overall recombination rate and impacting the efficiency of 
the device), experiments where the oxygen molar fraction was pro-
gressively reduced have been analysed. In these experiments (Reinecke 
et al., 2007), the H2 molar fraction in the gas mixture was kept constant 
at 3 % while the O2 molar fraction was reduced from a 20 % gradually to 
a 2 % of the total volumetric flow rate. The flow speed was kept constant 

at 1.15 m/s and the H2 recombination rates were obtained for gas 
temperatures at the inlet of 20.5 ◦C and 80.1 ◦C. The tests analysed in 
this study are shown on Table 2.

To study this effect with PARUPM, a critical oxygen concentration 
threshold value XO2 ,crit may be determined (Equation 5). If XO2 > XO2 ,crit 

the recombiner will not operate in oxygen starvation conditions. 
Nevertheless, if XO2 < XO2 ,crit, O2 will be treated as the limiting param-
eter for the recombination which could lead to a reduction of the 
recombination rate. As defined in (Klauck et al., 2021), the critical ox-
ygen concentration value can be calculated as: 

XO2 ,crit =
1
2

[(
DH2

DO2

)2/3

XH2 +

(
DCO

DO2

)2/3

XCO

]

(5) 

where Di is the molecular diffusive coefficient of the specie i, and Xi is 
the molar fraction of the gas.

Fig. 5 left shows the recombination rate obtained for the inlet tem-
perature of 20.5 ◦C with both PARUPM and REKO-3, and Fig. 5 right the 
recombination rates for the inlet temperature of 80.1 ◦C. In both cases, 
the code reproduces well the behaviour when the recombiner experi-
ences O2 starvation). In both sets of tests, this phenomenon occurs for 
test 5, i.e., the case when the oxygen concentration goes below the H2 
concentration.

Table 3 shows the relative differences, ΔHrate, between the recom-
bination rates obtained with PARUPM and the experimental results. In 
general, these differences go below 15 % independently of the inlet O2 
concentration and temperature. Furthermore, PARUPM can correctly 
predict when the PAR is operating under oxygen starvation conditions 
using the expression given in equation 5.

For each case, XO2 ,crit was calculated by PARUPM using inlet condi-
tions. The code was capable of determining that, for both tests oxygen 

Fig. 4. THAI test facility (Gupta et al., 2016) and scheme of the vessel for the HR tests.

Table 2 
Tests analysed classified by O2 concentrations.

Test 1 Test 2 Test 3 Test 4 Test 5

T = 20.5 ◦C 20 % XO2 5 % XO2 4 % XO2 3 % XO2 2 % XO2

T = 80.1 ◦C 20 % XO2 5 % XO2 4 % XO2 3 % XO2 2 % XO2
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starvation is experienced by the PAR in case 5, since the recombination 
rate is drastically reduced. Recombination rates were then calculated 
taking into account this phenomenon. Hence, the code is capable of 
predicting with fair accuracy when the PAR is operating under oxygen 
starvation conditions and the recombination rates once this stage is 
reached.

4.1.3. Effect of carbon monoxide
To study the effect of CO on the H2 recombination rate and the 

catalyst temperature, and to analyse the CO recombination capability of 
the code, several REKO-3 experiments were analysed from the series R3- 
A-03_CO, R3-A-04_CO, and R3-A-06_CO (Klauck et al., 2014). In these 
tests, three different H2 concentrations, and other three different CO 
concentrations where studied. In these tests, the inlet flow temperature 
was kept at 21◦C for all the experiments and the flow velocity was 1.15 
m/s for every run. The O2 concentration for each run is XO2 = (100 −

XH2 − XCO) • 0.21 and the mixture is dry, i.e., there is no steam in the 
injected gas mixture. 

• Series 1: 2 % H2 for 0 %, 0.5 %, 1 %, and 2 % CO.
• Series 2: 4 % H2 for 1 %, 2 %, and 4 % CO.
• Series 3: 5 % H2 for 1 %, 2 %, 3 %, 3.5 %, and 4 % CO.

Based on H2 and CO flammability limits (4 % and 12.5 % respec-
tively), and using the LeChatelier rule to calculate the flammability limit 
of the H2/CO mixture, the atmospheres of tests performed in series 2 and 
3 could be flammable (Coward and Jones, 1952). Since PARUPM does 
not possess a module for simulating ignition nor there was an ignition 
during the performance of these experiments, this phenomenon was not 

considered for this analysis.
As shown in Fig. 6, the average relative code-test deviation for the H2 

recombination rates is ~ 5.4 % while the average deviation for the CO 
recombination rates is ~ 15.4 %. It is worth noting that both recombi-
nation rates are calculated simultaneously and that the code is 
addressing the competing effects of both H2 and CO reacting with O2. 
Thus, larger deviations between experimental and simulated recombi-
nation rates are expected. Nevertheless, within these limits, the model is 
considered capable of calculating the recombination rates of both spe-
cies in the presence of CO.

For the catalyst temperature, shown in Fig. 7, we compared the 
average experimental plate temperature with the calculated plate tem-
perature given by PARUPM. The relative code-test deviation is ~ 3.0 % 
with a homogeneous distribution on this deviation. Thus, the code 
predicts well the catalyst temperature in a wide range of concentrations. 
Within these limits, the code is considered capable of calculating the 
catalyst temperature in the presence of CO.

4.2. Transient mode

Once the code was optimized for steady-state conditions, the next 
step in the validation program was to analyse the behaviour of the code 
under transient conditions. The information available from experiments 
of the series HR performed in the THAI facility has been used for this 
purpose (NEA, 2010; Gupta et al., 2019). The data obtained with the 
code has been compared with the experimental results for several rele-
vant parameters, i.e., outlet gas concentrations, catalyst temperatures, 
and flow velocity, since these parameters are directly extracted from the 
experiment. The boundary conditions for the simulations (i.e., pressure, 
inlet gas temperature and inlet gas concentrations) are given directly to 
the code. These values have been peaked from sensors located in the 
experiment in the region close to the PAR inlet and given to the PARUPM 
code at each time step of the simulation. The velocity is calculated by 
PARUPM through a chimney model using these boundary conditions at 
the inlet of the PAR and the geometric information of the simulated PAR.

4.2.1. Recombination rates: HR-2
Test HR-2 starts with a vessel atmosphere of dry air at an ambient 

temperature of 25 ◦C at 1 bar. During the first phase of the test, H2 is 
injected in the vessel and the recombination begins once the H2 con-
centration reaches 1.15 % at the PAR. After 25 min, the injection stops 
and a first depletion phase starts, which is let to evolve for 60 min. Then, 
the second hydrogen injection phase takes place with a duration of 20 
min followed by the second depletion phase which runs until the 

Fig. 5. Recombination rates obtained with PARUPM and from REKO-3 for different O2 concentrations and inlet temperatures.

Table 3 
Recombination rates obtained with PARUPM and from REKO-3 for 5 different O2 
concentrations and 2 inlet temperatures.

XO2 T(◦C) Hrate PARUPM (mol/h) Hrate REKO-3 (mol/h) ΔHrate

0.20 20.50 18.40 17.82 0.03
0.05 20.50 18.36 21.52 0.15
0.04 20.50 18.35 19.60 0.06
0.03 20.50 18.34 18.68 0.02
0.02 20.50 10.65 12.46 0.15
0.20 80.10 18.43 17.82 0.03
0.05 80.10 18.41 17.45 0.06
0.04 80.10 18.40 17.61 0.04
0.03 80.10 18.40 16.91 0.09
0.02 80.10 10.62 10.27 0.03
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recombination ends when H2 concentration reaches a 0.3 % (Kanzleiter, 
2009a).

Fig. 8 shows the experimental results for the H2 concentration at the 
outlet section of the device, the catalyst temperature, and the flow ve-
locity for the experiment HR-2 compared to the values obtained with 
PARUPM. The most significant discrepancy between the code and the 
experiment regards the outlet H2 concentration at the end of the second 
injection phase (at around 90 min), which is due to a PAR-induced 
ignition in the PAR causing lower outlet H2 concentrations in the 
experiment. PARUPM does not contain an ignition module, therefore, 
this behaviour cannot be captured by the code.

The predicted average catalyst temperatures are higher than the 
experimental ones during both depletion phases. One possible expla-
nation could be that the PARUPM code does not consider heat transfer 
phenomena, such as the effect of radiative heat exchange between the 
catalyst sheets and the metallic structure of the recombiner, as well as 

between the PAR housing and the vessel walls.
The flow velocity is well captured during the first depletion phase. 

However, the effect of the ignition during the second depletion phase is 
not well captured by the flow velocity module, thus the velocity during 
the second depletion follows a pattern similar to the first depletion in the 
simulation.

4.2.2. O2 starvation: HR-12
The initial conditions of test HR-12 include a mixture of air with 60 

vol% steam at a temperature of 86 ◦C and a higher pressure of 3 bar. The 
test follows the same pattern of injection and depletion as HR-2. How-
ever, during the second injection and depletion phases, the recombi-
nation runs under oxygen starvation conditions starting at 125 min, 
when XO2/XO2 ,crit < 1. H2 injection does not stop until 170 min after the 
beginning of the transient (hence the observed plateau between 125 and 
170 min in Fig. 9 left). After 170 min the second depletion starts. A third 

Fig. 6. PARUPM H2 and CO recombination rates against experimental recombination rates in g/s for the REKO-3 tests with carbon monoxide.

Fig. 7. PARUPM catalyst temperature against experimental in ◦C for the REKO-3 tests with carbon monoxide.
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shorter injection of H2 at around 252 min is also performed to further 
confirm the oxygen starvation effect observed. These conditions are 
more similar to what is expected to reach during the late phase of a 
severe accident transient (Kanzleiter, 2009b).

Fig. 9 also shows the outlet H2 concentration, the catalyst tempera-
ture, and the flow velocity obtained from the experiment HR-12 and the 
corresponding values calculated with PARUPM using the boundary 
conditions from the experiment. The figure shows that the code re-
produces fairly well the behaviour of a realistic PAR inside a contain-
ment during the second injection and depletion phases (as well as the 
rest of the transient), when the recombiner is experiencing oxygen 
starvation.

The same issue appears with the heat transfer in this experiment, 
although the effect is less pronounced when the recombiner reaches O2 
starvation conditions, i.e., during the second depletion phase. Therefore, 
the code is able to predict the average catalyst temperature in conditions 
similar to a late phase severe accident.

Finally, the flow velocity calculated with PARUPM for this experi-
ment shows the expected behaviour compared to the experimental 
values. Both depletion phases as well as the second injection are accu-
rately reproduced with the model. The only significant discrepancy 
found is during the first injection phase where the calculated velocity is 
higher than the experimental one.

Nevertheless, once the recombiner reaches quasi steady-state con-
ditions (second depletion) the code is capable of simulating the behav-
iour of a real recombiner in conditions similar to the late phase of a 
severe accident.

4.2.3. CO impact: HR-51, HR-53
The next step in the validation effort was to study the behaviour of 

the PARUPM code during transients with the presence of CO. Experi-
ments HR-51 and HR-53 have been selected for this purpose. Both ex-
periments follow the same pattern of injection and depletion phases and 
can be compared to HR-2 and HR-12 respectively due to their equal 
initial conditions (Freitag et al., 2020). Table 4 shows the concentrations 
at the PAR inlet of H2, O2, H2O, CO, and CO2 for HR-2, HR-12, HR-51, 
HR-53 after the second injection to emphasize the similarities among 
these experiments. The presence of CO affects the recombination, 
thereby the study is focused on the capabilities of the code for simulating 
transients where the presence of CO is relevant. Preliminary works with 
HR-51 showed that the code was not capable of solving the numerical 
scheme once the conditions at the catalyst were close to CO poisoning. 
Under these conditions, the presence of CO disables the recombination 
process by occupying all the available sites at the surface, and this effect 
is more pronounced at low catalyst temperature (very low CO desorp-
tion rate, Fig. 11 right). Consequently, a criterion has been established to 
allow the code to resolve the model once this condition is reached.

4.3. CO poisoning criterion

Since experiment HR-51 reached a state of CO poisoning, a switch for 
this phenomenon was implemented in the code to let its advance for a 
time step. As PARUPM uses a physico-chemical approach (Jiménez 
et al., 2007), the surface concentrations of the different species present 
are calculated for every time step.

Fig. 10 shows a histogram of the percentage of occupancy of 
hydrogen (zH), oxygen (zO), hydroxyl radicals (zOH), carbon monoxide 
(zCO), and free sites (zν) for the HR-51 transient. Once the catalyst sheet 
is heated by the initial H2 and CO recombination, the active sites of the 
catalyst are nearly completely occupied by oxygen (zO close to 1), with a 

Fig. 8. H2 outlet concentrations, catalyst temperature, and flow velocity with PARUPM and the corresponding experimental values during the HR-2 transient in the 
THAI facility.
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small percentage of sites occupied by CO and H2. This very low fraction 
cannot be seen on the histogram, namely all the CO and H2 are absorbed 
and instantly recombined since the limiting factor for the recombination 
rate is not the rate of the CO/O2 and H2/O2 reactions but the supply of 
these species to the surface governed by diffusion from the bulk through 
the boundary layer (Reinecke et al., 2010).

The injection of CO and H2 stops 16 min after the beginning of the 
recombination. At that point, the oxygen covers the majority of the 
available sites in the surface. Recombination is happening at a faster rate 
than the diffusion of the species because of the still high catalyst tem-
perature, thus new vacant sites are made available. Once this injection 
phase stops, the recombination gets slower since the H2 and CO avail-
able in the atmosphere get leaner. Once the catalyst temperature falls 
below a threshold value of around 180 ◦C, the fraction of site occupancy 
by oxygen is gradually substituted by the CO molecules, thereby putting 
the recombination rate down.

Once the oxygen occupation decreases below 60 % of the total 
available sites, the recombiner is considered poisoned and the recom-
bination stops. In HR-51, this phenomenon happened 100 min after the 

transient started. This is shown in Fig. 11, where the catalyst tempera-
ture drops down to ambient temperature around that time on the lower 
part of the sheet. Hence, the bottom part of the catalyst is experiencing 
poisoning. The middle part gets poisoned at around 115 min, and the 
upper part at around 125 min.

The second injection starts at around 120 min after the beginning of 
the recombination. At this point, the recombiner shows the same 
behaviour as in the first injection, i.e., the recombiner is capable of 
recovering performance after experiencing CO poisoning. The active 
sites are rapidly occupied by oxygen once the recombination is restarted 
and stabilised. Again, all the CO and H2 that are reaching the catalyst 
surface are recombined and the available sites are either occupied by O 
(the majority) or vacant. During the second injection an ignition is 
produced in the recombiner, but this effect is not captured on the surface 
chemistry model as explained above.

Again, the recombination process starts to decelerate once the H2 
and CO concentrations in the mixture get leaner. As in the first deple-
tion, once the surface coverage reaches an O occupation below 60 % of 
the available sites, the catalyst is poisoned by CO, which occupies all the 
available sites and displaces the oxygen.

As a consequence, a CO poisoning criterion may be established in the 
PARUPM code. This criterion will limit the recombination rate once the 
surface coverage reaches a certain threshold value of critically low O 
concentration in the catalyst surface, which has been set to a fraction of 
0.60. To account for the fact that not all the catalyst gets poisoned 
simultaneously, a delay on the poisoning has been added as well. This 
value has been tested with experiments HR-51 and HR-53. Now, vali-
dations of transients with CO, e.g. HR-51 and HR-53, can be performed 
with the model to further validate PARUPM.

Fig. 9. H2 outlet concentrations, catalyst temperature, and flow velocity with PARUPM and the corresponding experimental values during the HR-12 transient in the 
THAI facility.

Table 4 
H2, O2, H2O, CO, and CO2 concentrations at the PAR inlet for tests HR-2, HR-12, 
HR-51, HR-53 after the second injection ends.

XH2 (%) XO2 (%) XH2O (%) XCO (%) XCO2 (%)

HR-2 6.8 17.2 0.0 0.0 0.0
HR-12 5.2 2.4 61.8 0.0 0.0
HR-51 5.9 15.7 1.8 1.3 1.0
HR-53 4.2 2.8 62.2 0.7 1.0
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Substituting the values from Table 1 into equations (3) and (4), the 
adsorption and desorption coefficients for both CO and O2 over the 
catalyst surface can be calculated as a function of the catalyst temper-
ature Tw. Fig. 12 (left) and 12 (right) show the adsorption and the 
desorption coefficients for these species vs the catalyst temperature. The 
adsorption coefficients for both species depend on the catalyst temper-
ature, although this dependency is more pronounced for O2. In Fig. 12
(left) we can see that while the slope is more pronounced for the 
adsorption of O2 than for the CO.

The desorption coefficients are more dependent on temperature 
since they follow an Arrhenius law, with CO desorption being the most 
sensitive to temperatures, especially in the lower range. In Fig. 12

(right), we can see that the desorption coefficient decreases eight orders 
of magnitude between 400◦C and 100◦C, whereas for oxygen only drops 
four. Hence, CO tends to desorb slower from the catalyst at lower tem-
peratures than O2. Lower desorption coefficients mean that the CO is not 
being desorbed from the surface, thereby the available sites of the 
catalyst are occupied by CO for a longer time. If the catalyst temperature 
gets even lower with time, the desorption coefficient for CO is so low 
that CO is covering all the active sites available, causing the poisoning of 
the catalyst.

Nevertheless, if the catalyst temperature increases, CO will desorb 
faster. This will lead to more sites being available for the catalytic re-
actions. These reactions will increase the catalyst temperature, 

Fig. 10. Site occupancy of different species on the active surface against time for HR-51.

Fig. 11. Surface temperatures for HR-51 for the middle sheet at 3 locations: the bottom of the sheet (green line), the middle of the sheet (red line), and the top 
(purple line) (Gupta et al., 2019).
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accelerating CO desorption which leads to more O and H radicals being 
absorbed into the catalyst. If this tendency is kept, CO will quickly 
desorb, effectively depoisoning the catalyst. Thus, CO does not have a 
permanent effect on the catalyst. Once the O concentration is higher 
than 0.60, PARUPM will assume that the catalyst is no longer poisoned, 
and the recombination will be calculated again.

4.4. Simulation of HR-51 and HR-53

The initial conditions of test HR-51 include a mixture of H2 and CO, 
with a ratio 4 to 1, at a temperature of 25 ◦C and a pressure of 1.5 bar 
and dry air, hence similar conditions to HR-2. In this test, conditions of 
O2 starvation were not reached, however the catalyst experiences CO 

poisoning during the late phase of both depletion phases when the 
catalyst temperature decreases below a threshold temperature (Gupta 
et al., 2019).

Fig. 13 shows the outlet concentrations of both CO and H2 for test 
HR-51, as well as the catalyst temperature and the flow velocity. The 
outlet concentrations of both H2 and CO have been calculated with 
PARUPM and compared with the experimental results. From this com-
parison PARUPM shows its capability for calculating the recombination 
rate of both gases simultaneously. The CO concentration is particularly 
well determined by the code. The H2 recombination is slightly over-
estimated in both depletion phases (the H2 concentrations at the outlet 
of the recombiner are lower than measured in the test). Furthermore, 
during the second injection (at around 140 min), an ignition occurred, 

Fig. 12. Adsorption and desorption coefficients for CO and O2 vs surface temperature.

Fig. 13. H2 and CO concentrations at the outlet of the PAR, catalyst temperature, and flow velocity with PARUPM and the corresponding experimental values during 
the HR-51 transient in the THAI facility.
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thus the outlet H2 concentration at the end of the second injection phase 
is higher than the test one since the code is not simulating the com-
bustion of the excess H2. Either way, the total recombined H2 mass from 
this test has a standard deviation of less than 4.7 %.

The catalyst temperature faces the same issues as in HR-2. Both 
depletion phases show slightly overpredicted catalyst temperatures, 
which may also explain the overestimation of the H2 recombination 
rates during these phases. This could be caused by the fact that the code 
does not consider some phenomena related to the heat transfer from the 
sheets to external structures, such as the casing or the vessel. Namely, 
the effect of radiative heat loss to the other sheets and the metallic 
structure of the recombiner or the conductive heat loss through the 
casing are neglected. The CO poisoning that starts at 115 min on the 
middle part of the catalyst (Fig. 11) is captured by the code. Finally, 
regarding the flow velocity through the PAR, there is a slight over-
estimation during the injection phases but overall, flow velocities are 
well estimated during the depletion phases. During the poisoning pe-
riods a threshold flow velocity is stablished to avoid convergence errors.

The initial conditions of test HR-53 include a mixture of air with 60 
vol% steam, and H2 and CO at a 7/1 ratio, a temperature of 86 ◦C and a 
higher pressure of 3 bar. The test follows the same pattern of injection 
and depletion phases as HR-12. Accordingly, during the second injection 
and depletion, the recombination runs under oxygen starvation condi-
tions, as well as the effect of the presence of CO on the mixture. The 
second injection does not stop until 280 min after the beginning of the 
transient (hence the observed plateau between 250 and 280 min in 
Fig. 14 left). After 280 min the second depletion starts. A third shorter 
injection of H2 at around 330 min is also performed to further confirm 
the oxygen starvation effect observed and to avoid CO poisoning. These 

conditions are similar to those expected during the late phase of a severe 
accident, although the CO concentration in vol.% is 7 times smaller than 
the H2 concentration (Gupta et al., 2019).

Fig. 14 shows the outlet concentrations of both CO and H2 for test 
HR-53, as well as the catalyst temperature and the flow velocity. Both 
outlet concentrations are well captured by the model. During the late 
phase of the second depletion phase the H2 outlet concentration is lower 
than the experimental one, i.e., the calculated recombination rate is 
higher than the real one. In this part of the transient, the recombiner is 
experiencing severe O2 starvation, as well as lean conditions of both H2 
and CO. Thus, the code captures well the outlet concentrations 
(recombination rates) of both gases even with O2 starvation. Further-
more, the total recombined H2 mass deviation is of less than 4.2 %.

As in the previous cases, the catalyst temperature is overestimated 
during the depletion phases, mostly during the first one. As in HR-12 
(Fig. 9), once the recombiner reaches O2 starvation conditions (i.e., 
during the second depletion phase) the catalyst temperature is not 
overpredicted. Thus, the code is capable of predicting the catalyst 
temperature even when the recombiner under the effects of both O2 
starvation and CO.

Finally, the flow velocity calculated with PARUPM for this experi-
ment shows the expected behaviour compared to the experimental 
values. Both injection phases as well as the first depletion are accurately 
reproduced with the model. The only significant discrepancy found is 
during the second depletion phase where the calculated velocity is 
slightly lower than the experimental one during the transient.

Fig. 14. H2 and CO concentrations at the outlet of the PAR, catalyst temperature, and flow velocity with PARUPM and the corresponding experimental values during 
the HR-53 transient in the THAI facility.
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5. Conclusions

The primary objective of this work was to introduce the PARUPM 
code along with a validation process to ascertain its applicability as a 
standalone tool. To achieve this, an initial refinement and validation of 
the code under steady-state conditions were performed utilizing the 
available data from the REKO-3 facility. Subsequently, the second phase 
of the validation focused on assessing the code performance under 
transient conditions utilizing the THAI data, wherein flow characteris-
tics vary for every successive time step.

The steady-state validation process of PARUPM, performed with data 
from the REKO-3 facility, shows that the code has been successfully 
adapted to simulate specific conditions, such as oxygen starvation, and 
the impact of carbon monoxide on the recombination process. From the 
comparison of the experimental data and the simulated results, we find 
that the code demonstrated good accuracy in predicting recombination 
rates under the conditions examined. Therefore, the code is capable of 
replicating the behaviour of PARs in achievable conditions during 
steady-state conditions.

Furthermore, the validation process was extended to transient con-
ditions using data from the THAI facility. Specific tests (HR-2, HR-12, 
HR-51, and HR-53) were simulated, and the PARUPM results were 
compared with the PAR specific experimental data for outlet concen-
trations, catalyst temperatures, and inlet flow velocities. From this 
comparison the code was found robust in its results, capturing the 
behaviour of a realistic recombiner under realistic transient conditions. 
Moreover, a CO poisoning criterion was introduced in the PARUPM 
code, limiting the recombination rate when the oxygen concentration on 
the catalyst surface falls below a certain threshold and giving a chemical 
explanation to the CO poisoning effect.

Overall, despite some limitations related to heat transfer phenomena 
not considered in the model, the PARUPM code demonstrated its 
capability for simulating the behaviour of PARs in a wide range of sce-
narios, including steady-state and transient conditions, oxygen starva-
tion, and CO poisoning. In conclusion, the validation process outlined in 
the paper provides confidence in the accuracy and reliability of the 
PARUPM code for simulating the operational behaviour of passive 
autocatalytic recombiners in severe accident conditions. The findings 
contribute to advancing the understanding and prediction capabilities 
crucial for managing combustion or explosion risks in nuclear reactor 
containment buildings.

Within the AMHYCO project, the PARUPM code has been proposed 
as an appropriate tool for assessing the performance of PARs in nuclear 
containments. The phenomenology observed in a severe accident can be 
examined in more detail once the PARUPM code is implemented in 
thermal–hydraulic analysis codes, such as GOTHIC (EPRI, 2018), a 
general-purpose integrated thermal–hydraulic software package for the 
design, licensing, safety, and operational analysis of nuclear power plant 
containment and system components. As a conclusion, the final PAR-
UPM code could be coupled with GOTHIC for its use as a coupled code 
for simulating real recombiner performance in full containment studies 
under realistic sever accident conditions.
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pasivos y sus implicaciones en la seguridad de las centrales nucleares’. Available: 
http://oa.upm.es/718/.
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