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Passive Auto-catalytic Recombiners (PARs) are 

used to avoid excessive hydrogen accumulation inside 
reactor containment in case of severe accident. Most of 
them are constructed using catalytic materials (bed of 
beads or row of vertical plates with platinum and 
palladium on ceramic washcoat) and housed in a 
metallic structure. Their behavior is based on the 
exothermic recombination of hydrogen into steam in 
presence of oxygen. This surface mechanism leads to an 
overheating of the catalytic plates and activates natural 
convection driven circulation of gases in contact with 
the catalyst. Now, the heat source induced by the PAR 
activity can create local conditions for hydrogen 
gaseous combustion, as igniters do. 

This paper deals with PAR hydrogen ignition limit 
according to a variety of thermal-hydraulics conditions. 
The catalytic hydrogen ignition is characterized by a 
detailed analysis of the flow structure and of the 
chemical mechanisms. A physical criterion is proposed 
for identifying PAR hydrogen ignition, and is applied 
for a wide range of inlet conditions. The resulting PAR 
hydrogen ignition map is then validated on the basis of 
an experimental database. 

I. INTRODUCTION 
 
In the hypothetical case of a severe accident in a 

nuclear reactor with core meltdown, the interaction of 
the hot core with the cooling water can generate large 
amounts of hydrogen. It can also result from the 
oxidation of metals present in the corium pool or in the 
basemat during the molten corium-concrete interaction 
phase. This hydrogen is transferred into the containment 
(and transported therein) by convection loops arising 
essentially from condensation of steam released via the 
break in the reactor cooling system or during corium-
concrete interaction. Depending on mixing in the 
containment atmosphere, the distribution of hydrogen is 
more or less homogeneous. If considerable hydrogen 
stratification exists, then local concentration of 
hydrogen may become substantial, and may exceed the 

lower flammability limit. In case of ignition, the 
subsequent pressure loads may adversely affect the 
containment. 

To limit the hydrogen concentration in the 
containment, several methods can be proposed. For 
pressurized water reactors (PWRs), the hydrogen 
mitigation strategy usually consists in combining large 
free volume to allow atmosphere dilution, a high value 
of the containment design pressure and the use of 
means, as passive autocatalytic recombiners to consume 
hydrogen. This strategy has been adopted in all French 
PWRs. 

To support this decision, specific experimental set-
ups have been conducted by manufacturers as AREVA, 
research institutes as CEA, or technical safety 
organizations as IRSN, with the aim to characterize 
PARs efficiency in representative severe accident 
conditions. The performed experimental tests showed 
that for specific conditions, PARs could induce 
combustion. Based on this experimental data, it seems 
that ignition induced by recombiners occurs for low 
hydrogen concentrations, leading to relatively low 
overpressure. Hence, PARs ignition could have a 
beneficial effect (Ref. 1). Nonetheless, these 
experiments results need to be corroborated by more 
detailed experiments and by refined modeling of 
phenomena occurring in PARs. 

This paper aims to present a new approach for PAR 
modeling based on complex chemical kinetics and 
detailed multi-component transport. This model is used 
to characterize the hydrogen ignition inside PARs and 
to determine the PAR hydrogen ignition limit. The 
numerical results are then compared to the available 
experimental database. 

II. EXPERIMENTAL DATA 
 
Several experiments have been performed in the 

past to investigate the PARs behavior in representative 
severe accident conditions, among them the H2PAR 
experimental program (Ref. 2) conducted by IRSN 



(formerly IPSN). One of the main topics addressed in 
this program was the characterization of PARs ignition 
conditions. Numerous tests have been realized at 
atmospheric pressure with different initial gas 
composition. Under specific conditions, flame could be 
observed in the lower edge of the PAR (Fig. 1). 

 

  

a. No ignition 
b. Ignition at bottom edge of a 

catalytic plate 

  
c. Combustion propagation to the 

bottom edge of the PAR box 

d. Combustion propagation outside 

the PAR box 

Fig. 1. Experimental visualization with a UV camera of the hydrogen 
ignition and combustion propagation inside PARs (the red lines represent 

the contour of the PAR box and the blue circle the camera scope) 

 
The main results of these PAR ignition tests show that 
ignition induced by recombiners occurs for low 
hydrogen concentrations respecting to the following 
limits (Ref. 3): 

� in dry air, a generalized ignition was observed 
for hydrogen molar fraction between 5.5% and 
6.8%, 

� at 9.2% steam initial molar fraction, a 
generalized ignition was detected for an 
hydrogen molar fraction of 8.5%, 

� at 31% steam initial molar fraction, ignition 
appeared for an hydrogen molar fraction 
around 8.6%, 

� at 45% steam initial molar fraction, ignition 
occurred for an hydrogen molar fraction 
around 10%.  

These results are in good agreement with experiments 
from the KALI-H2 program (Ref. 4) conducted by 
CEA. They were recently corroborated by PAR ignition 
tests performed in the frame of the OECD THAI project 
(Ref. 5). 

III. SPARK CODE 
 
In this section, we describe a numerical tool 

developed by IRSN dedicated to catalytic reactor-type 
applications. Its name SPARK is the acronym of 
Simulation for Passive Autocatalytic Recombiners’ 
risK. This code solves the two-dimensional steady-state 
Navier-Stokes equations in the vorticity-velocity 
formulation by including complex gas phase and 
surface chemistry, multi-component transport, and heat 
radiation (Refs. 6-7). 

III.A. Numerical domain 

The numerical domain is derived from the box-type 
PARs with row of vertical catalytic sheets as illustrated 
in Fig. 2. We suppose infinitely thin catalytic plates, so 
that solid heat conduction is neglected. Moreover, 
external heat losses are not taken into account. As a 
result, the flow is supposed to be symmetrical and the 
numerical domain is reduced to a half-channel between 
two catalytic plates in the median plane (Fig. 2). 

 
Fig. 2. Schematic of catalytic sheets inside PARs (left) and numerical 

domain (right)  

III.B. Governing equations 

The governing equations express the conservation 
of total mass, momentum, energy, and species mass, for 
two-dimensional planar reactive flows. We use a 
modified vorticity-velocity formulation of the Navier-
Stokes equations (Ref. 8) which is more effective at 
conserving mass than the standard one (Ref. 9). 

The gas phase equations may be written as follows: 
� Horizontal velocity 
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� Gaseous species mass 
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where ρ is the density, u the horizontal velocity, v the 
vertical velocity, T the temperature, Yk the mass 
fraction of the kth species, ∂x the space derivative 
operator, g the gravitational acceleration, µ the shear 
viscosity of the mixture, Uk and Vk the horizontal and 
vertical diffusion velocity of the kth species, Mk the 
molar mass of the kth species, ωk the gas phase molar 
production rate of the kth species, cp the specific 
constant pressure heat capacity of the mixture, λ the 
thermal conductivity of the mixture, n the number of 
gaseous species, hk the specific enthalpy of the kth 
species and cpk its specific constant pressure heat 
capacity. The vorticity ω is classically defined by: 

vu xy ∂−∂=ω . (6) 

One additional equation expresses the absence of 
surface species inside the gas flow: 

n̂1kfor0k K==σ , (7) 

where σk is the site fraction occupancy of the kth 
species, and n̂  the number of surface species. Finally, 
to complete the governing equations, the low Mach 
number approximation allows to write the ideal gas law 
as follows: 

RT

Mp0=ρ , (8) 

where M  is the mean molar mass of the mixture, R the 
universal gas constant, and p0 the ambient pressure.  

III.C. Boundary conditions 

III.C.1. Catalytic surface 

The boundary condition on the catalytic surface 
expresses the conservation of species mass and energy 
through a solid-gas reactive interface, and the no-slip 
conditions. These balance equations may be written as 
follows: 

� Horizontal and vertical velocities 

0vu == , (9) 

� Gaseous species mass 
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� Surface species mass 
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where kω̂ is the surface molar production rate of the kth 
species and qrad the radiative heat flux. The 
equation (11) expresses that we consider no mass 
accumulation on the catalytic surface. 

III.C.2. Inlet 

The boundary condition on the inlet expresses the 
estimated experimental conditions at PARs inlet. We 
consider uniform profiles for all the variables: 
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where vin is the inlet vertical velocity, in
kY  the inlet 

mass fraction of the kth species, and Tin the inlet 
temperature. 

III.C.3. Outlet 

The boundary condition on the outlet sets the 
vertical derivatives to zero: 

.n1kfor0Y,0T

,0,0v,0u

kyy

yy

K==∂=∂

=ω∂=∂=
 (14) 

III.C.4. Symmetry 

The boundary condition on the symmetry axis sets 
the horizontal derivatives to zero: 



.n1kfor0Y,0T

,0,0v,0u

kxx

x

K==∂=∂
=ω=∂=

 (15) 

III.D. Transport 

The different transport coefficients which appear in 
the governing equations (shear viscosity, conductivity, 
diffusion coefficients) are derived from the kinetic 
theory of gases (Ref. 10). They are evaluated using 
multi-component transport algorithms (Ref. 11). The 
species diffusion velocities are then given by: 
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where Xl is the molar fraction of the lth species, Dkl the 
species diffusion coefficients and θk the thermal 
diffusion coefficient of the kth species. This definition 
includes the multi-component diffusion (i.e. each 
species diffuses in relation to all the other species) and 
the thermal species diffusion (or Soret effect). 
Moreover, this formulation intrinsically satisfies the 
total mass conservation constraint: 

∑
=

=
n

1k
kk 0VY , (17) 

which often limits the use of Fick-type expressions in 
multi-component reactive flows. 

III.E. Chemical kinetics 

The molar gas phase and surface production rates 
are derived from detailed chemical mechanisms. The 
molar production rate of each species in the gas or on 
the surface results from the sum of its molar production 
rates over the reactions described in the next tables. The 
gas phase chemical kinetics which includes 9 gaseous 
species for 19 reactions (Tab. 1), was proposed by 
Warnatz et al (Ref. 12). The surface chemical kinetics 
(Tab. 2) is due to Deutschmann et al (Ref. 13). It 
includes 5 surface species and 6 gaseous species for 13 
reactions. The surface site density is estimated from the 
density of Platinum (Ref. 14) and is taken as 
S0 = 2.06 10-9 mol/cm2. Both chemical mechanisms 
have been successfully validated for applications in a 
catalytic channel combustor (Ref. 15). Their 
combination allows a relevant estimation of the ignition 
distance inside a catalytic reactor for hydrogen/air 
mixtures. 

Tab. 1 Gas phase chemical mechanism 
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Tab. 2 Surface chemical mechanism 
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III.F. Numerical method 

The solution algorithm has been developed on the 
basis of a laminar Bunsen flame code (Refs. 10,16). The 
governing equations and boundary conditions are 
discretized on a two-dimensional tensor-product grid 
using a finite difference technique (Ref. 17). The 
resulting system of highly nonlinear coupled equations 
is solved with a damped Newton’s method (Ref. 18). A 



preconditioned Bi-CGSTAB algorithm is used to solve 
the large sparse linear systems arising during Newton 
iterations (Ref. 19). 

Additionally, the numerical evaluation of the 
chemical production rates, thermodynamical properties, 
and transport coefficients imposes a particular attention 
in order to limit the computational cost of the solution. 
Thus, all properties are calculated using vectorized and 
highly optimized gas phase chemistry, surface 
chemistry and transport libraries, respectively named: 
CHEMKIN II (Refs. 20,21), SURF CHEM (Refs. 6,22), 
and EGLIB (Ref. 23). 

IV. CHARACTERIZATION OF PAR 
HYDROGEN IGNITION 

 
This section deals with the characterization of PAR 

hydrogen ignition. It aims at emphasizing the different 
PAR operation regimes and defining an ignition 
criterion. 

IV.A. Numerical conditions 

The numerical domain is a symmetrical planar 
channel whose width and height are respectively 0.5 cm 
and 25 cm. The catalytic plate is located at 3 cm from 
the inlet and is 14.3 cm long. The calculations have 
been performed by using a regular cartesian mesh with 
76 x 151 nodes, and the inlet conditions summarized in 
Tab. 3. Radiative heat losses and species thermal 
diffusion are not taken into account. 

Tab. 3 Numerical inlet conditions 

XH2O = 0%vin = 80 cm/s

100% > XAir > 80%Tin = 298 K

0% < XH2 < 20%po = 1 atm

XH2O = 0%vin = 80 cm/s

100% > XAir > 80%Tin = 298 K

0% < XH2 < 20%po = 1 atm

 

The inlet velocity is a typical average velocity observed 
at PAR inlet in experimental devices. As room pressure 
and temperature were varying during the reference 
experiments used for this study, these features are 
chosen at normal conditions. The inlet hydrogen 
concentration describes a segment between 0 vol.% and 
20 vol.% in order to capture the –upper– hydrogen limit 
without steam. 

IV.B. PAR operation regimes 

IV.B.1. Qualitative analysis 

Before evaluating the PAR hydrogen ignition limit, 
we study the possible PAR operation regimes in 
conditions characteristic of hydrogen/air mixtures 

without steam (i.e. the segment without steam in the 
ternary diagram H2–Air–H2O).  

   
a. %3X in

H2
=  

   
b. %8X in

H2
=  

   
c. %18X in

H2
=  

Fig. 3. Flow structures according to PAR operation regime 



A first qualitative analysis reveals three types of flow 
structures and allows a first characterization of PAR 
hydrogen ignition (Fig. 3). The hydrogen combustion is 
classically identified with the OH radical. Actually, this 
species often serves at localizing experimentally the 
hydrogen or hydrocarbon flame fronts, especially for 
catalytic reactor applications (Ref. 24). 

The highest inlet hydrogen concentration leads to a 
perfect planar flame structure similar to the one 
observed in an inert planar channel. In this case, the 
catalytic activity seems to be negligible. At the 
opposite, the lowest inlet hydrogen concentration at 
3 vol.% does not show any combustion, so that the 
catalytic processes are predominant. Finally, the flow 
structure with 8 vol.% of hydrogen at inlet reveals the 
occurrence of combustion, but with a longitudinal flame 
front. This intermediate case is more characteristic of 
catalytically stabilized combustors. Both catalytic and 
gas phase processes are then important. 

IV.B.2. Quantitative analysis 

In order to identify more clearly the previous PAR 
operation regimes, we introduce two main quantities 
related respectively to the catalytic and gas phase 
processes: 

� the total surface heat release rate: 
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where l is the channel length, h the channel width, yw 
the vertical location of the catalytic plate, and lw its 
length. Fig. 4 allows a direct identification of the PAR 
operation regimes thanks to the relative importance of 
the surface and gas phase heat release rates. Then, 
according to the inlet hydrogen molar fraction, we 
define: 

� the catalytic regime: no combustion from 
0 vol.% to 5.4 vol.% of hydrogen, 

� the transition regime: equivalence between 
catalytic and gas phase processes from 
5.4 vol.% to 10 vol.% of hydrogen, 

� the gaseous regime: negligible catalytic 
process from 10 vol.% to 20 vol.% of 
hydrogen. 

The transition regime is characterized by the onset of 
combustion, so that its frontier with the catalytic regime 

(i.e. the turning point at 5.4 vol.% H2) marks a first 
characterization of the PAR hydrogen ignition limit. 

 
Fig. 4. Regimes for PAR operation 

IV.C. Hydrogen ignition criterion 

The total gas phase heat release rate has a sudden 
increase at 5.4 vol.% of hydrogen when the gas phase 
combustion occurs. On this basis, we define a criterion 
for the onset of combustion, and so for the PAR 
hydrogen ignition limit, by the intersection of the 
tangent to the inflection point of the total gas phase heat 
release rate curve with the horizontal axis of the inlet 
hydrogen molar fraction (Fig. 5). 

Ignition

 
Fig. 5. PAR hydrogen ignition criterion 

This method has been applied to identify ignition 
distances inside catalytic channel reactors (Ref. 15). 



Thus, as previously, the upper ignition limit on the 
segment without steam is evaluated at 5.4 vol.% of 
hydrogen, what is in perfect agreement with the 
database from H2PAR and KALI-H2 experiments 
(Refs. 2,4). The easy implementation of the ignition 
criterion makes it very useful for large computing 
campaigns, e. g. the calculation of the whole PAR 
hydrogen ignition limit presented in the next section. 

V. HYDROGEN IGNITION LIMIT INSIDE PAR 
 
After the characterization of the PAR hydrogen 

ignition without steam, this section describes the 
methodology to determine the PAR hydrogen ignition 
limit in the whole ternary diagram H2–Air–H2O. The 
latter aims at representing the possible reactor 
containment atmospheres in case of a hypothetical 
severe accident. 

V.A. Strategy for the PAR hydrogen ignition limit 

The evaluation of the PAR hydrogen ignition limit 
in the ternary diagram implies a numerical strategy to 
keep a reasonable CPU time cost. Actually, considering 
a few hours per solution and a sufficient molar fraction 
step in the ternary diagram (around 0.1 vol.%), the cost 
to compute the whole ternary diagram becomes rapidly 
prohibitive. Then, the strategy to reduce the total CPU 
time is to cover the diagram only according to segments 
chosen on the basis of the flammability limit due to 
Shapiro (Ref. 25). The segments are distributed in 3 
zones with specific orientation and direction as 
illustrated in Fig. 6. 

Lower
branch

Upper branch

Transition

branch

Flammability limit

 
Fig. 6. Strategy for the PAR hydrogen ignition limit 

So, we define the upper branch for low hydrogen 
concentrations (i.e. XH2 < 20%), the lower branch for 
low air concentrations (i.e. XAir < 30%), and the 

transition branch for high steam concentrations (i.e. 
XH2O > 50%). The numerical conditions are identical to 
those of Tab. 3, except the composition of the inlet 
mixture. This first evaluation of the PAR hydrogen 
ignition limit has needed more than 500 solutions, 
spread over more than 30 segments. 

V.B. Analysis of the solution branches 

V.B.1. Upper branch 

The upper branch is characterized by low hydrogen 
concentrations and a progressive transition from the 
catalytic regime to the gaseous one (Fig. 7). For each 
steam concentration, the surface heat release rate 
increases linearly until it reaches a maximum, and 
decreases rapidly. 

 
a. On the surface 

 
b. In the gas phase 

Fig. 7. Heat release rate along the segments of the upper branch 



In parallel, the gas phase heat release rate expresses the 
onset of combustion with a sudden growth 
systematically below 10 vol.% of hydrogen at inlet. The 
absence of combustion for 60 vol.% and 70 vol.% of 
steam leads to a slow decrease of the surface heat 
release rate beyond its maximum. 

It is interesting to notice that before the ignition the 
surface heat release rate is perfectly independent of the 
inlet steam concentrations. At the same time, below 5 
vol.% of hydrogen, the maximal surface temperature 
lies on a common linear tendency whatever be the 
steam inlet concentration (Fig. 8). Moreover, the slope 
of the temperature curves is not significantly modified 
when the hydrogen ignition occurs. For high inlet steam 
concentrations (i.e. without ignition), the temperature 
rapidly reaches a maximum, before the maximum of the 
total surface heat release rate. 

 
Fig. 8. Maximal surface temperature along the segments of the upper 

branch 

Finally, the similar evolution of the maximum 
surface temperature and the different inlet hydrogen 
concentrations at combustion onset show that the 
surface temperature cannot be sufficient to characterize 
the hydrogen ignition limit. 

V.B.2. Lower and transition branches 

At the opposite of the previous upper branch, the 
lower and transition branches are characterized by a 
sharp transition from the catalytic regime to the gaseous 
one (Fig. 9). This sudden onset of combustion can be 
related to recent experimental observations about the 
flammability of hydrogen/air mixtures (Ref. 26). 
Indeed, the study of the hydrogen flammability limit has 
also revealed two kinds of transition from the slow 
flame regime (i.e. deflagration) to the accelerated flame 

regime. For the upper part of the limit the transition was 
progressive, while for the lower part the transition was 
abrupt. Nevertheless, the discontinuity observed in the 
evolution of the heat release rate imposes additional 
numerical investigations to corroborate this possible 
analogy between the PAR ignition limit and the 
classical flammability limit. 

V.C. Experimental validation 

The application of the ignition criterion on the 
different segments of the limit branches allows a first 
characterization of the PAR hydrogen ignition limit in 
the ternary diagram. This numerical limit has been 
validated using the experimental data from Section II. 
Fig. 10 reveals a satisfying agreement between the 
experimental and numerical PAR ignition limits. 

 
Fig. 10. Experimental and numerical PAR hydrogen ignition limits 

 
Fig. 9. Heat release rate along the segments of the lower branch 



It results that the SPARK code now accounts for a 
relevant numerical tool for extensive studies of 
hydrogen ignition inside PARs. 

The flammability limit for hydrogen/air mixtures in 
Fig. 10 aims to illustrate the analogy between this 
classical limit and the PAR hydrogen ignition limit. The 
latter remains beyond the flammability limit, except 
near the turning point of the transition branch at high 
steam concentrations. This observation would mean that 
such a non-flammable mixture in the containment could 
ignite through the recombiner. However, the sparse 
distribution of the experimental points and their relative 
dispersion appeal additional experimental campaigns to 
corroborate these first results. 

VI. CONCLUSIONS 
 
Numerical simulation of hydrogen ignition by 

passive auto-catalytic recombiners has been performed 
with the dedicated numerical tool SPARK developed at 
IRSN. The detailed analysis about the onset of 
combustion has pointed out three typical regimes for 
PAR operations: the catalytic regime, the transition 
regime, and the gaseous regime. Then, an ignition 
criterion has been defined by using the total gaseous 
heat release rate, which is directly related to the 
production of OH radical during hydrogen combustion. 
On the basis of this criterion, a specific numerical 
strategy has allowed a first evaluation of the PAR 
hydrogen ignition limit in the whole ternary diagram 
(H2, Air, H2O). The calculations have led to a satisfying 
agreement between the experimental and numerical 
ignition limits. 

This study has also revealed the local intersection 
of the PAR hydrogen ignition limit with the classical 
flammability limit (i.e. without recombiner). It results a 
possible PAR ignition of non-flammable mixtures 
outside the recombiners. Now, this observation will 
have to be corroborated by additional campaigns on 
dedicated PAR facilities. All the more, the experimental 
data remains sparse, and slightly dispersed. In this 
sense, the THAI program (Ref. 5) has recently produced 
an interesting database for PAR hydrogen ignition 
which tends to confirm and extend the current 
experimental limit. Moreover, future experiments on the 
REKO facilities developed at JÜLICH (Ref. 27) should 
contribute to a deeper analysis of the ignition 
phenomenon with a detailed validation of PAR 
operation during combustion, and also to a better 
definition of the experimental PAR hydrogen ignition 
limit. 

In the future, the PAR ignition limit evaluated in 
this paper will be refined by considering radiative heat 
losses and full multi-component transport. Then, the 

PAR ignition limit at normal conditions could be 
extended at a wider range of operation pressure and 
temperature. Finally, the numerical strategy developed 
for the hydrogen ignition could be applied to carbon 
monoxide and/or a combination of these flammable 
gases. 
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