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Abstract
One of the main factors in the capacity of passive autocatalytic recombiners (PARs) is its productivity or the hydrogen 
removal rate. In this work it was demonstrated that regardless of the type of a recombiner, the hydrogen removal rate 
is mostly determined by the catalytic surface area and the molar density of hydrogen at the inlet. It means that the per-
formance of a recombiner should obey geometric and physical scalability.

Geometric scalability is characterized by the retention of the specific (per unit area of the catalytic surface) hydrogen 
removal rate with increasing the size of the recombiner by increasing the inlet section while maintaining the height and 
design of the catalytic unit.

Physical scalability is characterized by maintaining the hydrogen removal rate of the recombiner at a constant input molar 
density of hydrogen in an air-hydrogen environment while simultaneously changing the input temperature and pressure.

For a numerical demonstration of scalability, several calculations were performed with different initial hydrogen con-
centrations, external conditions and amounts of catalytic elements. It was shown that, regardless of the number of 
catalytic plates in the recombiner, the specific removal rate of hydrogen will remain unchanged and that under different 
external conditions (temperature, pressure), in case they correspond to the same inlet hydrogen density, the hydrogen 
removal rate does not change.
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Introduction

The most common practice of removing hydrogen from 
the enclosure vessel (EV) of a nuclear plant is based on 
the principle of passive catalytic hydrogen recombination 
using catalytic elements containing some catalysts (Della 
Loggia 1992, Ferroni et al. 1994, International Atomic 

Energy Agency 2001, Reinecke et al. 2010, Avdeenkov 
et al. 2018). The catalyst units are ceramics coated with 
thin (micrometer range) washcoats of catalysts like plati-
num (Pt) and palladium (Pd) (Klauck et al. 2014, Rozeń 
2015a, Saint-Just and Etemad 2016, Arnould et al. 2021). 
The activity of these catalysts depends on their compo-
sition, structure, and intended application, and therefore 
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may vary. Catalytic elements are assembled into catalytic 
blocks and units, and can be of various geometric shapes, 
including sheets made of stainless steel and coated with 
Pt/Pd substate catalyst material (Framatome 2022), and 
cylindrical catalytic elements made of ceramic with a Pt 
coating (Russkiye Energeticheskiye Tekhnologii 2021).

The passive autocatalytic recombiner (PAR) has a 
standard design with a catalytic unit placed at the bot-
tom of a rectangular steel tube (as a rule) with an open 
outlet. The exit part is blind from above, one or several 
side parts at the exit are covered with a metal mesh (lat-
tice). When hydrogen appears in the internal volume 
of the recombiner, an exothermic reaction of hydrogen 
and oxygen recombination into water begins on the ca-
talytic surface, which ensures the onset of natural con-
vection. PAR does not require external power supply or 
any control.

Recombiners of the RVK line (Russkiye Energetich-
eskiye Tekhnologii 2021) (manufactured by CJSC INPK 
RET, Russia) and the FR line (Framatome 2022) (manu-
factured by AREVA/Siemens) have been certified and 
used at Russian Nuclear Power Plants (NPPs). Fig. 1 
shows a typical RVK-500 recombiner and Fig. 2 shows 
a FR90/1-1500 one. The basic principles of the PAR ope-
ration are the same, however, the catalysts used can differ 
significantly (there are some other commercial and imple-
mented PARs with catalyst sheets from AECL, Canada, 
or PARs with porous catalyst beds from NIS, Germany,  
Arnould et al. 2021). The catalyst unit of an RVK type 
recombiner contains catalytic cylindrical rods while the 
AREVA recombiners contain plates. The number of rods 
or plates is different for different models and define the 
recombiner size and sometimes geometry. For example, 
RVK-500 contains 696 rods while RVK-1000 contains 
twice as many rods as RVK-500. The height of each rod 

is 64 mm and the diameter is 5 mm. The number of cata-
lytic sheets for FR90/1-1500 PAR is 150 which is twice 
larger than for FR 90/1-750 PAR. The size of each sheet 
is 140×290mm.

The full-scale validation of large recombiners is usu-
ally very difficult. Therefore, most experimental studies 
are carried out on recombiners such as RVK-500, RVK-
1000, or on separate modules of large recombiners. The 
largest PAR of this line, RVK-4, consists of four identi-
cal modules. RVK-3 consists of two of the same modules 
(International Atomic Energy Agency 2001). The number 
of rods in one RVK-4 module is five times larger than in 
RVK-500.

One of the basic characteristics of a recombiner is its 
productivity (or hydrogen removal rate). The estimates 
show that the release of hydrogen during a severe acci-
dent at NPPs (like VVER-1000 and similar) can range up 
to several hundred kilograms per hour depending on the 
scenario of the accident, the type and size of the reactor. 
The productivity of recombiners is sometimes given in 
terms of the inlet area. PARs on the average show a hy-
drogen removal rate (at 4 vol% and a pressure of 1 bar) 
in the region of 3–7 kg per hour and per 1m2 inlet sec-
tion (International Atomic Energy Agency 2001, Passive 
Catalytic Hydrogen Recombiner 2004, 2005), which in-
creases almost linearly with an increase in the hydrogen 
concentration at the inlet (usually up to 8 vol%) and an 
increase in pressure (with an increase in molar density).
For projects of large pressurized water reactors, the total 
area of the inlet section of the recombiners can be up to 
several tens of square meters.

It should be noted that the performance characteristics 
of the recombiners declared by the manufacturers were 
frequently obtained for quite specific external conditions, 

Figure 1. Picture of RVK-500 PAR, Russkiye Energeticheskiye 
Tekhnologii 2021: 1- PAR framework, 2 – catalyst unit con-
sisting of a set of catalytic frames, 3 – catalyst rods combined 
in frames.

Figure 2. Picture of FR90/1-1500, Framatome 2022. 1– PAR 
framework; 2 – catalyst unit; 3 – inlet; 4 – outlet; 5 – catalytic 
plates; А. Side view, unit extended; В. Bottom view.
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namely in a quiescent environment in which the recombi-
ner is self-starting in the natural circulation mode.

Under real conditions of a possible severe accident, the 
characteristics derived for such experimental conditions 
are hardly justified in being used for numerical simulation 
of the accident, since the characteristics of the recombi-
ner essentially depend on the rate of hydrogen-air flow 
into the recombiner (Reinecke et al. 2005, Reinecke et 
al. 2010, Malakhov et al. 2020). Thus, the experimentally 
obtained properties provide only a certain general under-
standing of the recombiner hydrogen removal rate and its 
guiding technical characteristics.

For the RVK line of recombiners, the hydrogen remo-
val rate was measured at an initial hydrogen concentration 
of less than 1% to over 11vol.%. Based on the experimen-
tal data, empirical correlations for hydrogen removal rate 
have been derived in (Passive Catalytic Hydrogen Recom-
biner 2004, 2005) and verified in (Tarasov et al. 2017):

G(g/s)=n×C×[a0 +a1×(C-2)+a2×(C-2)2],	 (1)

а0=1.43+0.24×(Р-1)+0,005×(Т-20),

а1=0.12+0.0031×(Р-1)+0,0003×(Т-20),

а2=0.009×(Р-1)+1,08×10-4×(Т-20)-1,54×10-5× 
(Т-20)×(Р-1),

n=0.0077 for RVK-500,

n=0.0183 for RVK-1000,

n= 0,16 for RVK-4,

where C (vol.%)- the volume concentration of H2, Р (bar)- 
pressure, Т (°C) – temperature.

The resulting dependencies are purely empirical and 
we do not know if there are any verification calculations 
to justify the recombiner performance outside the experi-
mental conditions.

The similar experimental approach to investigating the 
global behaviour of a recombiner in a larger environment 
has been performed for the AREVA type of recombiners. 
The derived empirical correlations (Bachellerie et al. 
2003, Reinecke et al. 2010) describe the hydrogen remo-
val rate for a reference PAR type as a function of the gas 
composition, temperature and pressure.

The empirical correlations (1) make it possible to de-
termine the specific hydrogen removal rate of the catalytic 
elements (hydrogen removal rate per unit surface area of 
the catalyst). Fig. 3 shows the dependence of the specific 
hydrogen removal rate (Gs) for two types of PAR, RVK 
and FR, as a function of the inlet volume concentration. 
The results of the comparison demonstrate that the speci-
fic hydrogen removal rates, taking into account possible 
errors in approximations, are fairly similar. This indicates 
that the absolute removal rate is mainly determined by 
the area of the catalytic surface, but only at low(<8vol.%) 

hydrogen concentrations. At higher hydrogen concentrati-
ons, the situation is not so unambiguous and may depend 
on the geometry of catalytic blocks.

The last statement can be justified as follows. At a low 
concentration the recombination takes place at catalyst 
surfaces and the area of those surfaces mostly determines 
the hydrogen removal rate while the geometry of catalytic 
elements (plates or rods and their relative positions) plays 
a minor role. At a higher concentration the recombination 
takes place both at catalyst surfaces and in gas phases in 
a recombiner volume and thus the geometry of a catalyst 
unit may define “the concentration of the ignition” of the 
air- hydrogen mixture.

It is reasonable to suggest that in case of severe acci-
dents with a significant release of hydrogen, the environ-
mental conditions around recombiners are not necessarily 
those for which the above correlations (Fig. 3) were ob-
tained. It means that the empirical correlations similar to 
(1) have to be either improved or corrected for a broader 
variety of regimes especially with a different inlet velo-
city of a flow. In most cases, it is necessary to take into 
account the transient modes, since both the feed rate and 
the hydrogen concentration can change quite quickly, and 
the velocity of an air-hydrogen mixture entering the re-
combiner significantly affects its hydrogen removal rate. 
Thus, a full-scale numerical and even more experimental 
substantiation of the recombiner operation in all kinds of 
non-stationary and transient modes seems to be a difficult 
task, and the construction of a working model of a recom-
biner of any scale and for any environmental conditions is 
a necessary step to substantiating hydrogen safety.

Regardless of the type of a recombiner, the hydrogen 
removal rate is mostly determined by the catalytic surfa-
ce area and the mass density of hydrogen at the inlet. It 
means that the performance of a recombiner should obey 
geometrical and physical scalability.

Figure 3. Comparison of the specific hydrogen removal rate of 
PARs of RVK and AREVA types, depending on the hydrogen 
volumetric concentration and based on the empirical correla-
tions (1) for RVK recombiners and correlations (Bachellerie et 
al. 2003, Reinecke et al. 2010) for AREVA recombiners.
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To demonstrate such scalabilities for hydrogen remo-
val rates, several calculations were performed with diffe-
rent initial hydrogen concentrations, external conditions 
and amounts of catalytic elements.

Scalability for hydrogen removal rate

Here two types of a scalability are determined and consi-
dered that can be used to construct a realistic numerical 
model of the performance of recombiners.

Geometric scalability is characterized by the retenti-
on of the specific (per unit area of the catalytic surface) 
hydrogen removal rate while increasing the size of the 
recombiner by increasing the inlet section while maintai-
ning the height and design of the catalytic unit. In this 
case, also, the hydrogen removal rate increases in propor-
tion to the increase of the inlet section.

Physical scalability is characterized by the same hy-
drogen removal rate of the recombiner at the same inlet 
molar density of hydrogen with a simultaneous change 
in the inlet temperature and pressure. Here and below, we 
assume that the oxygen is in excess in the gas mixture for 
the hydrogen oxidation. In general, the “air” may contain 
water vapor and other gases.

Geometric scalability was rather closely investigated 
even in experimental works at Sandia National Laborato-
ries on the Surtsey experimental setup (Blanchat and Mal-
liakos 1999), which is an isolated vessel with an internal 
volume of 99 m3.

Three samples were used in the experiment: ½, ¼, 
1/8 of the full-scale prototype (size of the inlet secti-
on 1mx1m), consisting of two rows of 44 cartridges 
(1/2 – 44 (one row), ¼ – 22 , 1/8 – 11). Each cartridge is 
0.45mx0.2mx0.01m in size. The scaling effect (propor-
tional to the number of cartridges) was investigated in a 
mixture of 0.107Mpa of air and 0.107Mpa of steam. In 
the study, it was noted that “simple” forward scaling was 
only observed at low hydrogen concentrations; at high 
concentrations, a normalization factor was introduced to 
consider the incomplete mixing in the lower part of the 
setup and to take into account this heterogeneity in the 
model when processing the results.

Experimental scaling studies of this kind were carried 
out with recombiners of the KPAR line (Jae-Won et al. 
2011) having a honeycomb structure of a catalytic unit 
with a porous catalyst material. As an example, two sam-
ples have been considered, having the same height and 
differing in the area of the inlet section – the number of 
catalytic blocks by a factor of 4. The experiments were 
carried out with hydrogen concentrations in the range of 
about 2 – 8 vol.%. It has been demonstrated that the rate 
of hydrogen removal is proportional to the number of ca-
talysts and does not depend on the size of the recombiner.

Fig. 4 shows some experimental data on hydrogen re-
moval rates for the RVK-500 and RVK-1000 recombiners, 
divided by two, and one RVK-4 recombiner module (the 
recombiner consists of four identical modules), divided by 

five. Such presentation of experimental data was chosen in 
order to make comparison of rates for cases with the same 
number of catalytic cylinders (or the same catalytic surfa-
ces, see the introduction). This is the same as if we were 
comparing specific hydrogen removal rates for all these 
recombiners. The lines show the corresponding accepted 
empirical dependencies (1) derived in (Passive Catalytic 
Hydrogen Recombiner 2004, 2005) with the use of availa-
ble experimental data (Passive Catalytic Hydrogen Recom-
biner 2004, 2005). Fig. 5 shows the experimental data for 
hydrogen removal rates in dependence on the inlet hydro-
gen concentration under normal conditions and conditions 
different from normal. Besides, Fig. 5 shows the fitting 
dependences and the corresponding 95% confidence and 
95% prediction intervals for the experimental data obtained 
under normal conditions for the RVK-500 (black squares). 

Figure 4. The experimental hydrogen removal rates (Passive 
Catalytic Hydrogen Recombiner 2004, 2005) in dependence on 
volumetric hydrogen concentration for different RVK recombin-
ers under normal conditions (T=20–30 °С, P=1bar). Empirical 
correlations (1) are used.

Figure 5. The experimental hydrogen removal rates (Passive 
Catalytic Hydrogen Recombiner 2004, 2005) in dependence on 
the volumetric hydrogen concentration for RVK-500 recombiner 
under normal conditions and conditions different from normal.
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The fitted curves clearly demonstrate an almost linear de-
pendence of the hydrogen removal rates on the volumetric 
hydrogen concentration. Possible deviations from the linear 
relationship (prediction interval) range from about 20% for 
RVK-500 to less than 10% for RVK-1000. The fitted cur-
ve for the RVK-4 is between the curves for the RVK-500 
and RVK-1000 with the possible deviation close to 10%. 
The data presented in Fig. 4 demonstrate a clear geome-
trical scalability of a hydrogen removal rate within a 20% 
deviation which is the prediction interval considered above.

Fig. 5 shows the same dependencies as in Fig. 4, as 
well as empirical relationships for external conditions 
other than normal. The figure shows that the hydrogen 
removal rate is radically different under different external 
conditions for a given volumetric hydrogen concentration. 
Most of the data presented were obtained on a flow bench 
(Passive Catalytic Hydrogen Recombiner 2004, 2005) 
where the absolute pressure was measured. Thus, it is not 
clear if it was a fully natural circulation or somewhat of 
a forced circulation. In any case a greater pressure provi-
des a higher hydrogen removal rate of the recombiners. 
At the same time, a higher speed of the mixture provides 
a higher hydrogen removal rate of the recombiners. This 
was also noted for plate catalysts (Reinecke et al. 2010).

The physical scalability is a direct consequence of the 
fact that we can treat our system as the mixture of ideal 
gases. Using the equation of state it is easy to derive that 
the inlet hydrogen molar density CM=PC/(RT), where P is 
the pressure, T is the temperature, R is the gas constant 
and C is the volumetric hydrogen concentration at inlet. 
It means that CM is defined by the (P/T) ratio at fixed C.

Fig. 6 shows some of the same data as in Fig. 5 but 
recalculated in dependence on the molar concentration of 
hydrogen for the fixed volumetric hydrogen concentrati-
on. For example, the red circles are for the next P(in bar) 
and T (in °C) data: (4,100); (3,70); (2,70); (2,140) and 
(1,100) and the volumetric concentration is close to 4% 

for all points (it is not possible to choose the experimen-
tal data with exactly for 4vol.% hydrogen concentration). 
The linear fit follows G=0.0313CM or G≈1.5e-4(P/T) de-
pendency with about 15% of maximal deviation. It means 
that we can calculate the hydrogen removal rate at any in-
let (P, T) set which provides the chosen 4vol%. The same 
consideration works for other inlet volumetric hydrogen 
concentrations but with other liner fits (Fig.6).

Moreover, we found that the physical scalability may 
work even in a broader way. If some sets of data for P 
(in bar), T(in °C) and C (in%) provide rather similar va-
lues of CM then it is expected to have a very similar hy-
drogen removal rate as well. For example, sets of (P, T, 
C) with (3, 70, 4) and (4, 100, 3.32) provide the removal 
rate 0.13g/s and 0.121g/s consequently; sets with (2, 140, 
4.88) and (4, 100, 2.22) provide the removal rate 0.087g/s 
and 0.079g/s consequently. Using the data presented on 
Fig. 5 it is possible to find other sets which provides such 
an effect with deviations no more than 15%. Unfortuna-
tely, we do not have enough experimental data to build 
dependencies similar to what we presented on Fig. 6.

The considered examples of geometrical and physical 
scalabilities are based on the available and presented here 
experimental data (Passive Catalytic Hydrogen Recom-
biner 2004, 2005). Because of some inherent uncertainty 
of experimental data, it would be quite supportive to con-
sider this phenomenon, using modern numerical approa-
ches like CFD calculations with taking into account the 
chemical kinetics of the catalytic recombination.

Validation of the multistep mechanism within STAR 
CCM+

In this study, chemical kinetics of the catalytic recombina-
tion of hydrogen was analyzed with the use of the CHEM-
KIN format (Kee et al. 2000), the database of which is 
part of STAR CCM+ software (CD-Adapco 2017). The 
self-consistent problem of thermohydraulics and chemi-
cal kinetics can be successfully verified and solved using 
this software in a way it was fulfilled in (Reinecke et al. 
2013, Baggemann et al. 2017, Malakhov et al. 2020).

Here we have used a detailed chemical reaction me-
chanism (the multistep reaction model) for the hydrogen 
oxidation on the catalyst surface. The surface kinetic mo-
del and associated rate expressions are largely based on 
previous work on oxidation reactions over Pt (Appel et al. 
2002). We verified our approach using experimental data 
both for the AREVA type catalyst (rectangular sheets, 
REKO-3, Reinecke et al. 2005, Reinecke et al. 2010) and 
the RVK type catalyst (cylindrical rods, HYSA, Malak-
hov et al. 2020).

AREVA catalyst design
The catalyst sheets (stainless steel coated with washcoat/
platinum catalyst material) are arranged in parallel for-
ming vertical rectangular flow channels. Such a set-up 
represents a box-type recombiner section of AREVA, 
Reinecke et al. 2005 design (see Fig. 2).

Figure 6. The experimental hydrogen removal rates (Passive 
Catalytic Hydrogen Recombiner 2004, 2005) in dependence on 
the hydrogen molar density for RVK-500 recombiner for some 
fixed values of volumetric hydrogen concentration.
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The experimental setup of the REKO-3 facility contains 
only 4 catalyst sheets. Here we used a 2D approach in a 
way it was done in Reinecke et al. 2005, Rozeń 2015b, to 
verify our model based on using STAR CCM+ code. But 
we used all 4 sheets in our calculations with symmetry or 
external walls boundary conditions. Fig. 7 shows the ex-
perimental temperature profiles and our calculations for 
different hydrogen inlet concentrations at v=0.8 m/s flow 
rate for air-hydrogen mixture. Fig. 8 shows the experimen-
tal hydrogen concentration profiles and our calculations for 
different inlet flow rates for air-hydrogen mixture. Both 
calculated temperature and hydrogen concentration profiles 
are demonstrated for the central channel. We have found a 
very reasonable agreement with the experimental data ex-
cept the results for a very low concentration 0.5vol/%. Here 
it has to be pointed out that the calculations are quite sen-
sitive to the geometry details here. For example, the slight 
change of the distance between two plates (around 1mm) 
may change the temperature profiles by tens of degrees. We 
presume that such a sensitivity has to be taken into account 
in the processing of the experimental data as well.

RVK catalysts design
In order to verify our approach on the RVK type catalyst 
we use some experimental data reported in Malakhov et al. 
2020 where the details of the experiments are discussed in 
detail. The flow channel (Fig. 8) is constructed as a vertical 
rectangular box (cross-sectional area 45.5 mm × 242 mm). 
The experimental setup allows one to investigate catalyst 
samples inside a vertical flow channel under well-defined 
conditions such as flow rate, and inlet concentration of hy-
drogen and air. The catalysts are cylindrical ceramic rods 
(height 64 mm, diameter 5 mm). The fourteen catalyst 
cylinders, coated with Pt catalyst, are arranged in parallel; 
they are held upright by a stainless steel frame. The tem-
peratures of surfaces were measured with the use of the 
infrared camera (see Malakhov et al. 2020 for details).

In order to calculate the hydrogen concentration, 
sensors were fixed in two places (Fig. 9). The first 
sensor is installed in the centre, at the bottom of the 

catalyst, to determine the inlet hydrogen concentrati-
on. The second sensor is installed above the catalyst 
section, to determine the outlet hydrogen concentration 
after the catalytic reaction.

In this work, to verify our approach, we have used the 
data when the hydrogen concentration at the inlet is 4%, 
and the total mass flow rate of the gas mixture is 35 grams 
per minute. The rest of the experimental data can be found 
in Malakhov et al. 2020 and in our future works.

Fig. 10 shows the experimental temperature profiles 
for all the 14 rods and our calculations for the 7 rods on 
one side of the flow channel as our numerical model is 
symmetrical with respect to the plane between the 7th and 
8th rods. But the experimental data do not show a com-

Figure 7. Temperature profiles: experimental data REKO-3 
(Reinecke et al. 2005) and STAR CCM+ results

Figure 8. Hydrogen concentration profiles: experimental data 
REKO-3 (Reinecke et al. 2005) and STAR CCM+ results

Figure 9. Experimental setup, it includes a catalyst section, hy-
drogen sensors, and gas flow controllers [taken from Malakhov 
et al. 2020).



Nuclear Energy and Technology 8(2): 143–152 149

plete symmetry in temperature profiles for symmetrically 
located rods. The detailed discussion of such a small dis-
crepancy will be discussed elsewhere.

All temperature profiles shown in Fig. 10 have two 
minima. These minima correspond to the position of the 
parts of the stainless steel frames that hold the rods upright 
(Fig. 1, rods in the frame). Obviously, these steel elements 
affect the temperatures of the catalytic surface of the rods 
at their location (the rods are not held tightly by the frame 
and have a slight backlash). And the actual temperatures 
themselves in the area of the elements of the steel frame are 
the temperatures of the steel, not the catalytic surface of the 
rod. From the point of view of calculations, this introduces 
additional difficulties in the accuracy of modeling and 
especially in the accuracy of reproducing the experimental 
results in the vicinity of the frame elements. The comparison 
of the experimental results and the calculations show that 
the greatest differences are manifested precisely at the ends 
of the outermost rods in the frame. But on the whole, the 
applied model is in a good agreement with experimental data 
for such a complex geometry.

The experimental value of the hydrogen concentration 
at the point where the sensor is located above the rods is 
1.82 vol.%, The calculated value is 1.58 vol.%, which can 
also be noted as quite acceptable accuracy.

Thus, we have checked the applicability of the multis-
tep hydrogen recombination mechanism on the available 
experimental data for both the AREVA plate recombiner 
and the RVK-type rod recombiner, and in the future, this 
approach can be used to construct a CFD model of the 
recombiner and test the scalability.

Scalability with RVK type cylindrical catalysts

Since the catalytic unit of the recombiner consists of a 
large number of geometrically identical objects, in most 
cases there is no need to calculate its characteristics with 

all tens of catalytic plates or hundreds of rods. It is enough 
to do it and verify it for the minimal possible geometry 
– the selected unit cell, as, for example, it was done for 
the verification of the REKO-3 experiments Reinecke et 
al. 2005 with catalytic plates. Naturally, the selected unit 
cell should reflect the symmetry of the arrangement of the 
rods in the catalytic block, and a separate analysis should 
be performed for edge cells that are close to the walls.

We have done some demo calculations to test geome-
tric scalability. The calculations were performed for flow 
regimes with an initial temperature of 300 K, an initial 
hydrogen concentration of 4vol.%, an initial velocity of a 
hydrogen-air mixture of 0.8 m/s, and an initial hydrogen 
concentration of 8%, an initial velocity of 3 m/s. A square 
packing of rods was considered. The radius of the catalyst 
rod is R = 0.0025 m, height = 64 mm, the distance between 
the centers of the rods is d = 12.5 mm, the distance bet-
ween the centers of the rods and the walls is d = 12.5 mm 
(for the variant where the effect of the wall of the recom-
biner box is taken into account). The simplest cell of a 
square packing, a symmetric cell, contains four quarters 
of rods (Fig. 11), a “2 * 2” cell. The next in difficulty, “3 * 
3” cell contains 4 quarters, four halves and one whole rod 
(Fig. 11) and so on. Cells similar in construction are also 
considered near the wall of the catalytic block (Fig. 12).

Figs 13, 14 show the calculation results and their com-
parison for cells of similar symmetry, but different sizes. 
Obviously, increasing the scale, that is, the geometric 
size, does not lead to a change in the density (concentra-

Figure 10. Temperature profiles: experimental data HYSA 
(Malakhov et al. 2020) (dotted curves) and STAR CCM+ 
results (solid curves)

Figure 11. Symmetrical unit cell with quarters of four catalytic 
rods, “2*2” case (left panel). Symmetrical unit cell with quarters 
of four catalytic rods, halves of four rods and one whole rod in 
the center, “3*3” case (right panel).

Figure 12. Symmetrical near the wall unit cell with quarters of 
two catalytic rods and halves of two whole rods near the wall, 
“nw 2*2” case (left panel). Symmetrical unit cell with quarters 
of two catalytic rods, halves of three rods and one whole rod 
near the wall, “nw 2*3” case (right panel).
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Figure 13. The hydrogen molar density along the rods in dif-
ferent cells

Figure 14. The hydrogen molar density along the rods in dif-
ferent cells

Figure 15. Temperatures on the surface of the rod and the distribution of velocities in some sections for the cell “2 * 2”(left panel) 
and for the cell “nw 2 * 2”(right panel). Initial hydrogen concentration is 4vol.%, initial mixture velocity is 0.8 m/s

tion) of hydrogen in similar cells, and the selected initial 
velocity and geometry do not affect this. Thus, if we con-
sider the recombiner as consisting of identical symmetric 
cells, then there is no need to carry out laborious calculati-
ons taking into account all catalytic elements (rods in this 
case), and the hydrogen removal rate can be calculated 
based on only one cell. The general operation of the re-
combiner can then be used according to the scheme pro-
posed in Reinecke et al. 2005. On the other hand, if the 
recombiner is not large enough, then the effect of edges 
(Fig. 12) may be noticeable. Figs 13, 14 show the calcu-
lations of the hydrogen concentration for some edge cells, 
“nw 2 * 2” and “nw 2 * 3”. As one can see, the hydro-
gen concentration at the outlet for these cells is 15–20% 
higher than for the considered symmetric cells. That is, 
the hydrogen removal rate of these cells is lower by this 
value. This also manifests itself in lower rod surface tem-
peratures and a lower rate of exit of the gas mixture from 
the edge cell (Fig. 15). For the case considered in Fig. 15, 
it can be seen that the maximum temperature of the rod 
in the edge cell is 50–60 °C lower than in a conventional 
cell, and the gas mixture exit rate is 10–15% lower. Thus, 
knowing the ratio of the total number of symmetric and 

edge cells, it is possible to estimate the necessary correc-
tions for the performance of the entire recombiner, as well 
as the corrections for the average values of characteristics 
such as velocity, temperature, density, and pressure. The 
need for such corrections is determined by the formulati-
on and goals of specific calculations. It is quite clear from 
general considerations and the above calculations that 
such edge effects can be neglected for large recombiners.

Another interesting feature of scaling is the scaling, 
which we call physical. Namely, for a given volumetric 
hydrogen concentration and the same inlet temperature 
to pressure ratios, which corresponds to the same initial 
hydrogen density, the density distribution is maintained 
throughout the cell (Fig. 16). Calculations are made for the 
cell “2 * 2”, the initial hydrogen concentration is 4%, the 
initial velocity is 0.8 m/s. Small discrepancies are most li-
kely related to the accuracy of the calculations and are a 
numerical error. Subsequently, this effect will be tested on 
more complex large geometries. But the calculations show 
that this type of scaling follows from the assumption that all 
gases in the mixture are ideal and that there is no condensa-
tion. Most likely, there are other types of scalabilities asso-
ciated with the initial velocity of the hydrogen-air mixture.
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Conclusion

In this study it was shown that regardless of the type of 
geometry of the catalytic elements in a recombiner, and 
to the main extent, the hydrogen removal rate is deter-
mined by the area of the catalytic surface and the molar 

density of hydrogen at the inlet. Here we only considered 
the cases with oxygen excess conditions. We presume that 
oxygen deficiency cases as well as the presence of carbon 
monoxide and steam should not change the effects of sca-
lability. But it will be studied elsewhere.

We analyzed the existing empirical dependencies for 
hydrogen removal rates of two types of recombiners and 
fulfilled a number of CFD calculations using the STAR 
CCM + code.

An essential part of the approach is the use of a 
detailed chemical reaction mechanism (the multistep 
reaction model) for the hydrogen oxidation on the 
catalysts surface. This approach possesses more 
universality for determining the hydrogen removal 
rate both under natural circulation conditions and 
under conditions of forced circulation in the area of 
the location of recombiners, which is clearly necessary 
for the numerical justification of severe accidents with 
hydrogen release.

Numerical examples were used to demonstrate the 
geometric and physical scalability of the functioning of 
the catalytic elements, which can be and will be used 
to construct an advanced CFD model of the recombiner 
and its more numerically realizable interaction with the 
hydrogen-air environment in emergency modes.
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