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Abstract
For a consistent CFD substantiation of the recombiner performance, a detailed mechanism of hydrogen and oxygen re-
combination is used. The detailed mechanism of chemical kinetics (multi-step recombination reaction) makes it possible to 
claim universality, both in the numerical justification of the recombiner performance and in the justification of the flameless 
recombination threshold and makes it possible to justify the method for optimizing the recombiner to improve its character-
istics. The models developed based on this approach were applied to both flat and cylindrical catalytic elements, which are 
used in FR and RVK recombiners, respectively. As part of the numerical studies, the detailed recombination mechanism was 
verified, namely the temperature distribution along the catalytic elements was compared and the performance of catalytic 
elements was compared as well. Good agreement was obtained between the calculated and experimental data. The approach 
considers not only the mechanism of surface recombination of hydrogen and oxygen on platinum, but also the mechanism 
of recombination in the gas phase. This makes it possible to calculate the onset of intense combustion outside the catalytic 
plates, which is a sign of volumetric ignition of the hydrogen-air environment. The concentrations at which such ignition 
is possible were obtained at different contents of water vapor in the medium. Thus, the proposed approach and the created 
models make it possible to fully describe the performance of recombiners of distinct designs without the use of additional 
experimental data, which is extremely necessary when justifying the hydrogen explosion safety of nuclear power plants.
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Introduction

The most widespread practice of emergency hydrogen re-
moval from containments of nuclear power plants is based 

on using the principle of passive catalytic recombination 
of hydrogen on various catalytic elements which are part 
of a passive autocatalytic recombiner (PAR) (Reinecke et 
al. 2010; IAEA-TECDOC-1661 2011; Avdeenkov et al. 
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2018; IAEA International Nuclear Information System 
(INIS). Catalytic elements are integrated to form catalyt-
ic units and large-size assemblies and may have different 
geometrical forms, including stainless-steel plates coated 
with a catalytic material based on the Pt/Pd subcompo-
sition (Framatome GmbH), or platinum-blackened cy-
lindrical catalytic elements (LLC ISPC “Russian Energy 
Technology”). The hydrogen that appears on the catalytic 
surface in the recombiner’s internal volume initiates an 
exothermic reaction of hydrogen and oxygen recombina-
tion into water.

Recombiners of the RVK line (LLC ISPC “Russian 
Energy Technology”) (manufacturer: ZAO INPK RET, 
Russia) and of the FR line (Framatome GmbH) (manu-
facturer: AREVA/Siemens) have been certified and are 
used in Russian nuclear power plants (NPP). The catalyt-
ic unit of an RVK-type recombiner includes cylindrical 
catalytic rods, and FR-type recombiners include plates. 
The rod or plate number varies among recombiner models 
and defines the recombiner’s overall dimensions and ge-
ometry. Experimental data are used to obtain approximat-
ing dependences for the recombiner efficiency, that is, for 
the hydrogen consumption rate (or recombination rate) 
(Bachellerie et al. 2003; Tarasov et al. 2017; Avdeenkov 
et al. 2018; Avdeenkov et al. 2022). The obtained depen-
dences are purely empirical and can hardly be used to cal-
culate the recombiner efficiency beyond the experiment 
scope, since the recombiner performance is highly depen-
dent on the rate of the hydrogen-air mixture delivery into 
the recombiner (Reinecke et al. 2005; Avdeenkov et al. 
2018; Malakhov et al. 2020).

The empirical correlations obtained make it possible 
to determine the specific efficiency of catalytic elements 
(the efficiency per unit of the catalyst surface area). Fig. 1 
shows the dependences of specific efficiency for two re-
combiner types, namely the RVK and FR types, on the 
inlet hydrogen volume fraction, which are rather close 
taking into account the potential errors in obtaining em-
pirical correlations (deviations of up to ~20%). This indi-
cates that the absolute efficiency is defined mostly by the 
catalytic surface area, at least with relatively low hydro-
gen concentrations (<8 vol. %). With higher concentra-
tions of hydrogen, the situation is not so straightforward 
and may depend on the geometry of catalytic units. When 
the concentration is low, hydrogen recombination takes 
place on the catalyst surface, and the area of these sur-
faces is what mostly defines the PAR efficiency, while the 
geometry of catalytic elements (plates or rods and their 
positions against each other) plays a secondary role. With 
a higher concentration, recombination takes place both on 
the catalyst surface and in the gas volume inside the re-
combiner volume, and the geometry of the catalytic unit 
may therefore have effect on the “ignition concentration” 
of the air-hydrogen mixture.

As shown by numerical simulations of emergency 
modes with a major hydrogen yield, the conditions of the 
environment in the recombiner region are far from those 
for which the above empirical correlations were obtained. 

Most cases require considering transients since the supply 
rate and concentration of hydrogen are fast to change and 
the rate of the air-hydrogen mixture delivery into the re-
combiner have major effect on its efficiency.

Consequently, large-scale numerical or, moreover, ex-
perimental justification for the recombiner operation in 
all possible non-steady-state and transient modes is chal-
lenging, and the essential step in justification of hydro-
gen safety is to build a working recombiner model of any 
scale and for any environmental conditions. The approach 
under development uses a detailed chemical kinetics 
mechanism (a multistep recombination reaction), which 
makes it possible to claim the universality of the recom-
biner operation description due to using known rates of 
chemical reactions both on the recombiner surface and in 
the gas phase.

Verification of the detailed 
recombination mechanism with 
use of the STAR CCM+ CFD-code

This section presents a computational analysis for recombi-
nation of hydrogen using the STAR CCM+ code (Siemens 
STAR CCM+ CFD software). The conjugate approach to 
solving thermal hydraulics and chemical kinetics problems 
was demonstrated successfully in (Baggemann et al. 2013; 
Reinecke et al. 2013; Malakhov et al. 2020; Avdeenkov 
et al. 2022), which present its key details, and was used 
for the calculations discussed in the paper. The surface 
chemical reaction for platinum-based catalytic oxidation 
of hydrogen (Appel et al. 2002) includes 12 reactions. The 
chemical kinetics of the hydrogen burning gas phase in 
air (Chemical-Kinetic Mechanisms for Combustion Ap-
plications) includes 21 reactions. The approach has been 
numerically implemented and tested based on experimen-
tal data both for the FR-type catalyst (rectangular plates, 
RЕКО-3 experiments (Reinecke et al. 2005; Avdeenkov et 
al. 2018), and for the RVK-type catalyst (cylindrical rods, 
HYSA experiments (Malakhov et al. 2020).

Figure 1. Comparison of specific efficiencies for RVK- and FR-
type PARs as a function of hydrogen volume concentration.
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Plate-type FR catalyst

Four catalytic plates (catalyst-coated stainless steel) in the 
REKO-3 facility are installed in parallel forming vertical 
rectangular flow channels. Such design represents a sec-
tion of the FR-type recombiner (Reinecke et al. 2005). 
The calculations were conducted in a two-dimensional 
statement with (Reinecke et al. 2005, 2013) taken as the 
example, that is, the influence of boundary effects due to 
the finiteness of the plate width is neglected.

Fig. 2a shows the experimental temperature profiles 
and the calculation results obtained for different inlet con-
centrations of hydrogen with the air-hydrogen mixture 
flow rate velocity being v = 0.8 m/s. Fig. 2b shows the 
experimental profiles of hydrogen concentration and the 
calculation results for different values of the inlet average 
air-hydrogen mixture velocity. The calculated hydrogen 
temperature and concentration profiles are shown for the 
central channel. The obtained agreement with experimen-
tal data is good enough, except for the results for a very 
low concentration of 0.5 vol. %. It should be noted that the 
calculations are rather sensitive to the geometry details, 

e.g. a small distance between two plates (about 1 mm) 
changes the calculated temperature profiles by tens of de-
grees. Such sensitivity shall be probably taken into ac-
count in processing experimental data.

Cylindrical RVK catalyst

For the numerical testing of the approach using cylin-
drical (rod shaped) RVK-type catalysts, we used some 
of the experimental data given in (Malakhov et al. 
2020), where the details and parameters of the exper-
iment are discussed.

The flow channel of the test bench is a vertical rectan-
gular box (cross-section area 45.5 mm × 242 mm) which 
accommodates the RVK recombiner frame with 14 cata-
lytic rods (Fig. 3). A turbulator, a plate with holes, is in-
stalled in the lower part of the box, which significantly 
homogenizes the mixture and slows down its speed. The 
surface temperatures are measured using an infrared cam-
era (see (Malakhov et al. 2020) for more details). To mea-
sure hydrogen concentration, the sensors are fixed in two 
places - under and above the catalyst section.

Figure 2. Hydrogen concentration profiles (a) and temperature profiles (b): RЕКО-3 experimental data (Reinecke et al. 2005) and 
STAR CCM+ calculation results (Avdeenkov et al. 2022).

Figure 3. Experimental setup including a catalyst section, hydrogen sensors and gas flow controllers (Malakhov et al. 2020).
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Fig. 4 shows representative calculation results for the 
hydrogen temperature field and relative fraction distribu-
tion. The calculation results are shown for the hydrogen 
concentration of 4 vol. %. The calculations clearly show a 
higher heating of the central rods. Much of the hydrogen 
escapes past the catalytic frame, left and right of it, being 
further mixed with the hydrogen that has passed through 
but has not had enough time to recombine in the catalytic 
frame. The mixture flow obtained by using the vortex gen-
erator makes the rate of its delivery to the catalyst small.

Fig. 5a shows the experimental temperature profiles for 
all 14 rods and the calculation results for seven rods on 
one side of the channel, since the numerical model is sym-
metrical relative to the plane between rods 7 and 8, while, 
however, no full symmetry of the temperature profiles 
have been revealed for symmetrically positioned rods. All 

temperature profiles have two minimums each, matching 
the positions of the stainless-steel frame parts which retain 
the rods in their vertical position. These stainless-steel 
components evidently have effect on the temperature 
values of the rod catalytic surfaces at the respective rod 
positions (the rods are not held rigidly by the frame and 
play slightly); and, as such, the temperatures in the region 
of the steel frame components extracted in the course of 
the experiment are the steel temperatures rather than the 
rod catalytic surface temperatures. Computationally, this 
leads to extra difficulties in terms of the simulation accu-
racy and, specifically, in the accuracy of reproducing the 
experimental results in the vicinity of the frame compo-
nents. It can be seen when comparing the experimental 
results and the calculations that the greatest differences 
are for the ends of the rods on the frame periphery.

Figure 4. Temperature field (a) and mole-fraction hydrogen distribution field (b) with 4 vol. % of hydrogen (inlet).

Figure 5. Temperature profiles: HYSA experimental data (Malakhov et al. 2020) (dashed lines) and STAR CCM+ calculation results 
(Avdeenkov et al. 2022) (solid lines for seven rods) with inlet hydrogen concentration of 4 vol. % (a). Calculated and experimental 
temperature profiles with different inlet hydrogen concentrations averaged over all 14 rods (b).
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Fig. 5b shows experimental and calculated temperature 
profiles averaged over all 14 rods. Table 1 shows the ex-
perimental and calculated values of hydrogen concentra-
tion at the location of the hydrogen sensor above the cata-
lytic frame. Considering the complexity of the experiment 
and the calculated sensitivity to the details of the bench 
geometry, a very good agreement was obtained. Thus, the 
calculations demonstrate the successful application of the 
method using a detailed hydrogen recombination mech-
anism based on the available experimental data both for 
the plate-type FR recombiner and for the rod-type RVK 
recombiner. This approach will be used further to build a 
full-scale CFD model of the recombiner and to evaluate 
the scalability of its efficiency.

Calculation of the flameless 
recombination limit

Recombination of hydrogen and oxygen on a catalytic 
surface (or, more precisely, their recombination rate) de-
fines the recombiner efficiency in general and is one of 
the main characteristics of the recombiner performance 
but is not its only essential one. The consistent approach 
includes not only the computational justification for the 
efficiency but also for another important recombiner char-
acteristic, namely, determination of the flameless recom-
bination limit (or ignition limit). This requires taking into 
account the detailed mechanism of recombination not 
only on the catalyst surface but also in the gas phase in-
side the recombiner volume.

To quantify the flameless recombination limit, a meth-
odology was proposed in (Meynet and Bentaib 2012) for 
calculating the hydrogen recombination on the catalyst and 

in the gas phase between the catalytic plates. The hydro-
gen flameless recombination limit (or the ignition limit) is 
determined from an abrupt increase in the energy release 
rate in the gas volume as the energy release rate decreases 
simultaneously in the surface catalytic layer. It was shown 
for the plate-type FR recombiner that the noticeable contri-
bution of bulk combustion starts when concentrations are 
somewhat larger than 6 vol. % in a dry gas mixture.

The calculation results were considered further with 
the following initial data for the air-hydrogen mixture: 
inlet velocities of 0.2, 0.8 and 2 m/s without water vapor 
with the initial mixture temperature of 300 К, and with 45 
vol. % of vapor and the initial mixture temperature of 373 
К. The initial data in use are rather typical of the recom-
biner operation and were used in the REKO-3 experiment 
(Reinecke et al. 2013) but for hydrogen concentrations 
other than having caused the mixture ignition. All of the 
calculations presented as part of the study are based on 
the procedure described in a 2D symmetrical statement 
for a simplified geometry that contains two FR-type cata-
lytic plates, due to which the recombination rates are giv-
en in kg/s/m, that is, per unit of the plate width.

Figs 6–8 present calculations for the recombination rate 
with different inlet velocities of the gas mixture. Since en-
ergy is released due to the recombination, it is more con-
venient to compare exactly the recombination rate on the 
surface and in the space (volume) between catalytic plates. 
The calculation results for the inlet velocity of 0.8 m/s 
show clearly that there is a sharp increase in the volume re-
combination growth observed starting approximately with 
a hydrogen concentration of 6 vol. %. With a vapor con-
centration of 45 vol. %, the volume recombination does not 
start earlier than with a hydrogen concentration of 8 vol. %.

Fig. 7 presents the results for the recombination rate with 
the inlet gas mixture velocity of 2 m/s. On the whole, the 
calculations have produced similar results at the inlet mix-
ture velocity of 0.8 m/s for the hydrogen concentration 
starting from which the volumetric ignition of the mixture 
occurs (ignition), although at slightly lower values of hydro-
gen concentration. An increase in the gas mixture velocity 
obviously leads to an increase in the recombination rate, 

Table 1. Hydrogen concentration at the top point above rods

Inlet concentration of H2, % Experiment, % Calculation, %
2 1.01 0.90
3 1.42 1.32
4 1.82 1.73
5 2.14 2.14

Figure 6. Hydrogen recombination rate as a function of hydrogen concentration: without vapor (a) and with a vapor concentration 
of 45 vol. % (b) at the initial time point (inlet flow velocity 0.8 is m/s).
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which in turn leads to a decrease in the ignition threshold. 
Fig. 8 shows the results of calculations at an inlet velocity of 
the gas mixture of 0.2 m/s. In this case, the initial velocity is 
lower than it would be with a developed natural circulation 
for this geometry (about 0.5 m/s).In essence, this mode is the 
one that inhibits the development of natural circulation. In 
this case, volumetric ignition of the mixture occurs at high 
hydrogen concentrations (at about 8 vol. % of hydrogen con-
centration without steam and at 10.5 vol. % with steam); the 
recombination rate also drops significantly. The calculations 
have demonstrated that the higher is the inlet gas mixture 
flow velocity, the higher is the recombination rate on the cat-
alyst and, therefore, the recombiner efficiency will increase 
on the whole as well. Thus, for example, the recombination 
rate is approximately 5 times as high with the flow velocity 
of 2 m/s as with a velocity of 0.2 m/s (Figs 7, 8).

Conclusions

A uniform approach has been implemented in the STAR 
CCM+ code environment for analyzing numerically the 
recombination of hydrogen on a catalytic surface and in a 
gas phase. A range of practically important results have 
been obtained for simulation of the PAR operation modes. 

Essential to the approach is using a detailed mechanism of 
the hydrogen and oxygen recombination reaction which 
makes it possible to avoid the adjustment procedure used 
frequently to determine the single-step reaction parameters 
for describing the recombiner efficiency. This is a universal 
approach to determining the efficiency both in conditions of 
natural circulation and forced circulation in the recombiner 
region, which is essential at numerical justification of severe 
accidents with hydrogen release. The RECO-3 and HYSA 
experiment numerical simulation results are presented which 
have confirmed that the calculations agree with the available 
experimental data both qualitatively and quantitatively.

The threshold values of hydrogen concentration for 
flameless recombination have been calculated and ana-
lyzed as a function of external conditions based on the 
developed CFD approach.

Foundations have been laid for the developed model 
of the recombiner and vapor-hydrogen-air environment 
interaction which make it possible to achieve numerical-
ly high accuracy and predictability for the computational 
justification of the hydrogen recombiner operation with 
any external conditions, including a variety of transients 
with forced circulation of the vapor-hydrogen-air mixture, 
this being especially important for numerical simulation 
of the severe accident progression with hydrogen escape.

Figure 7. Hydrogen recombination rate as a function of hydrogen concentration, without vapor (a) and with a vapor concentration 
of 45 vol. % (b) at the initial time point (inlet flow velocity is 2 m/s).

Figure 8. Hydrogen recombination rate as a function of hydrogen concentration, without vapor (a) and with a vapor concentration 
of 45 vol. % (b) at the initial time point (inlet flow velocity is 0.2 m/s).
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