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ABSTRACT

Passive autocatalytic recombiners (PARs) are essential safety systems used in nuclear power plants (NPPs) to
prevent hydrogen explosions during severe accidents. This study investigates the operational behaviour of
cylindrical-type catalysts used in a PAR. The study employs experimental and computational fluid dynamics
(CFD) analyses to evaluate the catalyst temperature distribution and hydrogen conversion inside the PAR
channel. Experimental analysis measures the hydrogen conversion of the catalyst and temperature distribution
by means of hydrogen sensors and an infrared camera. The CFD analysis uses a three-dimensional (3D) model
developed in STAR-CCM+ code to simulate the flow and recombination reaction in a cylindrical-type PAR
catalyst section. Results indicated that the catalyst has decent conversion efficiency. Furthermore, the temper-
ature over the catalyst section is evenly distributed and it does not exceed the lower hydrogen ignition limit. CFD
analysis of the Schmidt number demonstrates that the flow inside the PAR is highly turbulent and Sc; values is in
the range of 0.2-0.28. It was found that the recombination reaction occurs in the diffusion regime. The
recombination reaction primarily occurs in the catalyst’s lower and central parts. Finally, this paper proposes the
functional dependence to estimate the efficiency of the entire PAR based on the Sherwood equation and
mechanistic transport approach. The results of this study provide crucial insight into the cylindrical-type catalyst
operational behaviour in PARs and the CFD model design of cylindrical-type catalysts for the safety analysis of
NPPs.

1. Introduction

Over the years, population growth and energy demand have pre-

fuels can be reduced, ultimately leading to a reduction in human impact
on the environment.

Scientists in the energy field are focused on discovering alternative
energy sources to replace fossil fuels. Future energy sources must meet
certain criteria, including suitability for transportation, ease of conver-

sented the scientific community with major concerns (Abe et al., 2019).
Although advanced materials and renewable energy sources show
promise to alleviate this in the near future, fossil fuel sources currently
dominate electricity production worldwide. The combustion of fossil
fuels results in the release of large amounts of greenhouse gases—this is
expected to continue to increase. According to a recent report of the
International Energy Agency (IEA) in 2019, nearly 27 % of the world’s
electricity was generated from renewable sources, including hydro,
solar, wind, biofuels, waste and others (IEA, 2020). This percentage is
projected to increase to 45 % by 2040, demonstrating progress in the
development of renewable energy and offering hope that the use of fossil

* Corresponding authors.

sion into other forms of energy, high utilisation efficiency, safety
throughout the fuel life cycle, environmental friendliness, and afford-
ability. Hydrogen energy is regarded as one of the most promising future
energy carriers as it satisfies many desirable characteristics (Maestre
et al., 2021). The global production of hydrogen is growing rapidly,
leading to a greater need for research into hydrogen production, storage,
transportation and utilisation. Nuclear energy is another sustainable and
clean technology (du Toit and Chirayath, 2015; du Toit and Naicker,
2018; Rehm, 2023). Despite its potential, hydrogen safety remains to be
further studied in terms of possible hydrogen accident scenarios, such as
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Nomenclature

Abbreviations

2D two dimensional

3D three dimensional

AECL Atomic Energy of Canada Ltd.
CFD computational fluid dynamics
CHC catalytic hydrogen combustion
DFT density functional theory

DOM discrete ordinates method

PAR passive autocatalytic recombiner
Pt/AAO platinum/anodic aluminium oxide
NPP nuclear power plant

STP standard temperature and pressure
SS stainless-steel

HPCM  high-porosity ceramic material
RSTS recombiner sections testing station
RANS Reynolds-Averaged Navier-Stokes
IR infrared camera

LFL lower flammability limit

LES Large-Eddy Simulation

Symbols

A pre-exponential coefficient

p temperature coefficient

C[H5] volume H, concentration, vol.%
D/Din, molecular diffusion coefficient, m?/s
D hydraulic diameter, m

E, activation energy

T temperature, °C

Py pressure, kPa

m inlet mass flow rate, g/min

Yy2 Ho  conversion rate, %

ACy mole fraction of Hy

cn molar concentration of H,, mol/m?
R conversion rate of Hy, g/s

Ry universal gas constant, m? kg s™2 K~! mol !
Re Reynolds number

Sh Sherwood number

Sce Schmidt number

w flow rate, g/s

v kinematic viscosity, m?/s

k; reaction rate, kmol/m? e s

release/leakage, and consequent ignition and detonation (Gardner et al.,
2021; Huang et al., 2011; Liang et al., 2016; Malakhov et al., 2020a).

During a hypothetical case of a severe accident in a nuclear power
plant (NPP), the steam in contact with zirconium-based cladding in the
reactor core can generate a large amount of hydrogen, which can
migrate into the containment (Brachet et al., 2014; Paladino et al.,
2012). If the low flammability limit of hydrogen in air at STP (4 vol%) is
reached, the hydrogen-air mixture can pose a significant danger of
deflagration or explosion (du Toit et al., 2018; Kozhukhova et al.,
2021a). In the field of NPPs, passive autocatalytic recombiners (PARs)
are devices that can mitigate the hazard of hydrogen release in the NPP
containment during an accident (such as a loss-of-coolant accident).

Several research institutions, including AECL (Canada) (Sitar et al.,
1997), Becker Technologies (Germany) (Gupta et al., 2015), For-
schungszentrum Jiilich (Germany) (Reinecke et al., 2004) have designed
and operated different types of PAR experimental facilities. These fa-
cilities have demonstrated the effectiveness of PARs for hydrogen safety
applications. Small-scale facilities (or micro-reactors) continue to be
widely used in various areas of scientific research. Such test facilities
have been identified as most suitable for the study of chemical reactions,
especially in catalytic hydrogen combustion (CHC) (Klauck et al., 2014;
Steffen et al., 2017).

PAR operation is based on the principle of the exothermic reaction of
H2/03 on a catalytic material (noble metals, such as platinum and
palladium) (Prabhudharwadkar et al., 2011). The Hy/O5 recombination
reaction can be presented as follows:

2H, + 0, = 2H,0 + 244.9kJ /mol

The numerical modelling of CHC, in detail, presents a significant
computational challenge. The autocatalytic hydrogen recombination
process is a multi-stage mechanism. The detailed chemical mechanism
may contain different numbers of reactions (12-16), depending on the
purpose of the study (Avdeenkov et al., 2018). Many research groups
have developed the concept of a detailed chemical kinetic mechanism
that takes into account surface- and gas-phase chemistry. Computational
fluid dynamics (CFD) is numerical approach used to solve challenging
problems related to fluid mechanics, heat transfer, chemical reactions,
etc. The advent of CFD offers a significant advancement in studying the
progress of chemical processes using the principles of similitude theory,
and modelling of heat and mass transfer (Orszulik et al., 2015; Rozen,

2015a). Several CFD codes, such as ANSYS Fluent, CFX, STAR-CCM+,
and others, are being used in engineering numerical simulations (Klauck
et al., 2014; Malakhov et al., 2023). CFD offers numerous benefits, such
as enabling in-depth analysis of experimental results and extending the
investigation to parameters that cannot be tested experimentally. CFD
codes can address complex problems related to the flow of fluids or
solids, homogeneous and heterogeneous chemical reactions, heat
transfer, radiation, electrochemistry, solid stress, laminar and turbulent
flow.

Worldwide, many NPPs have installed PARs, manufactured by
various companies, including Atomic Energy of Canada Ltd. (Canada),
AREVA/Siemens (France, Germany), NIS (Germany), and ISPC Russian
Energy Technologies (Russia). Most of these PARs have been studied, in
different experimental and numerical works, with different initial con-
ditions; however, the PAR FR-90 manufactured by AREVA (France) has
attracted the most research attention (Gera et al., 2010; Prabhudhar-
wadkar et al., 2011; Raman et al., 2020; Shukla et al., 2021).

The aim of this study is to investigate the operational behaviour of a
single section of a cylindrical-type PAR catalyst (RVK-500) under
defined initial conditions. Specifically, this study seeks to evaluate
hydrogen conversion and temperature distribution over the catalyst
section through experimental and CFD analyses. A detailed CFD model
of Hy/O4 recombination on a Pt catalyst, based on a conjugated reaction
kinetics approach, is proposed. This work also aims to perform the nu-
merical analysis of the kinetics of the hydrogen recombination reaction
and mass transfer inside the PAR channel in the case of a single catalytic
section, as well as the study of turbulent Schmidt number. The final
objective is to contribute to CFD modelling design and optimisation of
PAR systems for hydrogen safety.

2. State of the art: diversity of PAR catalysts

PARs are extensively used to mitigate the potential danger of the
formation of flammable mixtures after hydrogen release accidents (Kim
et al., 2020). A PAR is a vertical flow channel that allows incoming
hydrogen from the bottom to pass through the catalytic sections and the
products to be released from the top. A PAR consists of a vertical channel
that is equipped with catalytic elements in the lower part, assembled
into the catalytic block. These catalytic elements can be of various
geometric shapes and materials, depending on the manufacturer and the
country of use (Arnould et al., 2001). The main materials used in PAR
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catalytic elements may be divided into four groups (Kozhukhova et al.,
2021b): (i) metallic plate coated with catalyst powder without an in-
termediate ceramic coating, (ii) cartridges filled with ceramic spherical
Pd-coated pellets, (iii) a thin stainless steel (SS) plate wash-coated with a
ceramic layer that supports a noble metal (plate-type catalyst), and (iv)
v-AlyO3 cylinders wash-coated with a noble metal (cylindrical-type
catalyst). Table 1 summarises PAR manufacturers and the accommo-
dated catalyst.

Korea Nuclear Technology Inc. has recently introduced an innovative
PAR system featuring a highly porous catalyst material shaped like a
honeycomb. This honeycomb PAR catalyst possesses a unique design
feature that enhances hydrogen removal performance by simultaneously
increasing the surface area and improving the flow rate through the
catalyst. Importantly, this performance boost is achieved without
enlarging the PAR’s size in comparison to conventional PARs. In the
tailored Integral Test Facility and Performance Test Facility, two
different PAR sizes, namely KPAR-40 and KPAR-T2, were examined.
These facilities were used to assess hydrogen depletion rates under
various conditions, including different levels of pressure, temperature,
and hydrogen concentration, using both a prototype PAR and a scaled
test PAR (Kim et al., 2015; Park et al., 2011).

NIS PAR contains flat rectangular cartridges filled with porous
spherical ceramic pellets, which are coated with palladium (Pd). A pro-
totype PAR developed by the NIS Company was investigated by Blanchat
and Malliakos (1999, 2000). A full-loaded recombiner contains a row of
88 catalytic cartridges; the tests were conducted within different scales of
full recombiner loading (1/2, 1/4, 1/8). The PAR catalyst was investi-
gated in a hot and steamy atmosphere (102 °C and 50 mol.% water
vapour). Results showed that the PAR commenced operation after 10 min
of hydrogen exposure at Cij,[Ho] = 1-6 vol%. The catalyst temperature
increased by 96 K for each 1 vol% hydrogen concentration. Hydrogen
combustion was observed at low hydrogen concentrations (4-5 vol%),
and with peak catalyst temperatures in the range 600-800 K.

Research and development efforts pertaining to advanced catalyst
support materials are being conducted by different laboratories,
worldwide. In a recent study, Kozhukhova et al. developed the Pt/AAO
(Anodic Aluminium Oxide) catalyst for PAR application (Kozhukhova
et al., 2019; Kozhukhova et al., 2020; du Preez et al., 2022). The Al/AAO
support was prepared by two-step anodization of Al6082 alloy. The Pt/
AAO catalyst was prepared by the wet incipient impregnation method.
In their investigations, the Pt/AAO catalyst was found to be highly stable
over a prolonged hydrogen recombination reaction time of 530 h. The
authors determined that hydrogen conversion was almost complete
(~95 %). Furthermore, due to the high thermal conductivity of the Al/
AAO support, the heat produced during the exothermic hydrogen
recombination reaction was displaced from the AAO to the Al core, and
the maximum catalyst surface temperature of approximately 210 °C was
achieved at 3 vol% of inlet Hy (Kozhukhova et al., 2021a).

Pt catalysts are predominantly used in PARs, however, it has been
observed that Pt catalysts can experience deactivation in the presence of
water, leading to a delay in the Hy/O, recombination reaction.

Table 1
PARs developed for NPPs.

Manufacturer Catalyst material

Atomic Energy of Canada Ltd. Stainless-steel plate coated with noble metal (

(Canada) Gardner and Marcinkowska, 2012)
AREVA/Siemens (France, Stainless-steel plate wash coated with a ceramic
Germany) layer that supports a noble metal (Reinecke et al.,

2004)

Ceramic honeycomb mesh coated with alumina
sol and chloroplatinic acid (Park et al., 2011)
Ceramic cylindrical rod wash coated with Pt and
assembled upright in a stainless-steel frame (
Avdeenkov et al., 2018)

Cartridges filled with porous ceramic spherical
pellets coated with Pd (Tietsch et al., 2010)

Korea Nuclear Technology, Inc.
(Republic of Korea)

ISPC Russian Energy
Technologies (Russia)

NIS (Germany)
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Therefore, researchers are exploring alternative catalysts that not only
reduce the Pt content but also minimise the delay in catalyst initialisa-
tion. Recent studies employing density functional theory (DFT) have
found that Pt-Ni and Pt-Co alloys exhibit higher catalytic activity in the
H,/0, recombination reaction compared to pristine Pt catalysts (Botha
et al., 2023).

An innovative type of PAR catalyst has been developed by the Red-
kino Catalyst Company (Russia) A high porosity material is made from a
nickel alloy with an external ceramic layer, and coated with Pt and Pd
(Bezgodov et al., 2022). Gasparyan et al. (2015) investigated a similar
high-porosity ceramic material (HPCM) supported by a Pd catalyst and
established that the HPCM catalyst is highly advantageous in terms of
effective hydrogen catalytic oxidation (Gasparyan et al., 2015).

Although there are several possible PAR catalyst shapes and support
materials, the most accepted and widely used are the plate-type catalyst
(Reinecke et al., 2010) and the cylindrical-type catalyst (Kirillov, 2022).

Numerous experiments and numerical validations (ANSYS-CFX,
SPARK, REKO-DIRECT) have been performed on the REKO-3 experi-
mental facility (Jiilich, Germany) to investigate the reaction kinetics of
catalytic hydrogen recombination on the plate-type catalyst (cut-out of
AREVA PAR FR90) (Klauck et al., 2014; Reinecke et al., 2004; Rozen,
2015b). The catalyst is SS plates coated with a Pt/wash-coat, arranged in
parallel inside the vertical channel. The gas mixture passes the catalyst
section containing four catalyst plates (square surface 143 x 143 mm
and thickness 1.5 mm). Experiments have been performed for different
flow rates, inlet hydrogen concentrations and temperatures. The authors
determined a fast start-up characteristic and nearly complete hydrogen
conversion (90 %) under the considered inlet conditions. However, the
surface temperature of 500 °C at the leading edge of the catalyst plates
was reached during the first six minutes at Cij,[Hs] = 4 vol% hydrogen
exposure. It has also been mentioned that plate-type PAR catalysts can
lead to the unintended ignition of hydrogen due to the overall over-
heating of the catalyst.

In another study by Meynet and Bentaib the experiments on a plate-
type PAR catalyst were validated numerically by using SPARK code
(Meynet and Bentaib, 2012). A detailed two-dimensional (2D) numeri-
cal model was developed to capture ignition criteria for the plate-type
PAR catalyst and to investigate PAR operational behaviour under oxy-
gen starvation conditions. It was found that, within the hydrogen con-
centration range Ci,[Hz] = 0-5.4 vol%, no gas-phase combustion occurs.
However, the gas-phase combustion process leads to an increased heat
release rate from Ci;[Hso] = 5.4 vol%. Analysis of PAR oxygen starvation
demonstrates an interesting relationship between PAR efficiency and
oxygen content. The numerical simulations confirmed experimental
results that oxygen supply is necessary to ensure the optimal operation
of a PAR. However, the ignition criteria for the plate-type catalyst was
not discussed from the point of view of high catalyst temperature.

Yet another type of PAR catalyst is manufactured by ISPC Russian
Energy Technologies (Moscow, Russia) (Avdeenkov et al., 2018). The
catalyst is cylindrical rods made with y-AlyO3, have dimensions
approximately 64 mm length and 5.2 mm diameter, and assembled
vertically in an SS (stainless-steel) frame. A model series of PAR has been
developed, including RVK-500, RVK-1000, etc., which differ one from
another in the number of catalyst sections and capacity (Keller, 2007).
Initially, numerous tests were performed by the manufacturer and some
authority research organisations to investigate PAR efficiency. An early
study of the PAR RVK-500's main characteristics and safety performance
was conducted at the State Scientific Center of the Russian Federation
Institute of Physics and Power Engineering (SSC RF-IPPE). The authors
determined that the recombiner productivity was 40 %-50 % for the
tested recombiner type, under the applied conditions. During the test
under Cijz[Hz] = 5 vol% of inlet Hy, the catalyst surface achieved a
maximum surface temperature of 320 °C, which is below the lower
ignition temperature of hydrogen in air (STP) (~560 °C).

In a recent experimental study by Bezgodov et al. the start-up
behaviour and ignition limit of cylindrical catalyst elements was
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compared to HPCM catalytic elements. The experimental series was
performed in a chamber with an effective volume of 15 m®, represented
by a vertical cylinder with elliptical covers. During the experimental
series, hydrogen was fed into the chamber at 60 °C, with relative hu-
midity <5 % and 100 %, and pressure 0.1 MPa until the volume fraction
of 0.5 vol% for HPCM and 1.0 vol% for the cylindrical catalyst was
reached in the chamber. Results indicated similar behaviour for both
types of catalyst. It was observed that the PAR commences its operation
when natural convection flow is established through the channel. The
ignition limit is dependent on the geometry of the catalytic elements.
However, the cylindrical-type PAR catalyst needs to be studied in further
detail under different initial conditions (Bezgodov et al., 2022).

3. Recent studies of cylindrical-type PAR catalyst
3.1. Experiments on the recombiner sections testing station

Extensive research has been carried out at HySA Infrastructure
(North-West University, South Africa) in efforts to clarify the
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experimental and numerical interactions of the CHC reaction kinetics,
catalyst temperature distribution, hydrogen conversion, heat, and mass
transfer phenomena over the cylindrical-type catalyst PAR section. The
series of tests were carried out in a small-scale test facility named the
recombiner sections testing station (RSTS) at one selected (pre-deter-
mined) mass flow rate to obtain appropriate velocity distribution across
a single catalyst section. Seeking to investigate the operational behav-
iour of a cylindrical-type catalyst under various initial conditions, and to
evaluate catalyst temperature distribution and hydrogen conversion
efficiency, the research was focused on a wide range of inlet hydrogen
concentrations. In this context, selected parameters were measured
during experiments at the in-house developed test facility.

The catalyst section is derived from the non-disclosure commercial
PAR RVK-500 model, manufactured by ISPC RET (Moscow, Russia)
(Avdeenkov et al., 2018). The RVK has an SS casing (vertical channel)
equipped with cylindrical rods as catalytic elements. These elements are
assembled upright in an SS frame. Thereafter, these frames are assem-
bled into the catalytic block at the lower section of the PAR channel. The
cylinders are made of a y-Al,O3 porous ceramic base wash-coated with

ww zzs

Outlet- ’ﬁ
Cout [HZ] 7 J U\
= e
Recombiner  Cout [Ha] #
Chann\?l /‘ no.14... .../\u.no.l
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- / \
Catalyst | glass /@: IR
section \\ camera
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Fig. 1. RSTS facility at HySA Infrastructure, NWU: (a) general view of the channel and support infrastructure; (b) facility schematic representation.
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Pt. The single cylinder is coated with a hydrophobic thin layer of poly-
tetrafluoroethylene (pore size a few fractions of a micrometer accessible
to gas) (Keller, 2007; Malakhov et al., 2020b). The dimensions of cy-
lindrical elements are 64.0 + 0.1 mm in height and 5.2 + 0.1 mm in
diameter.

The experiments described in this study were performed in a small-
scale test facility (RSTS, HySA Infrastructure), see Fig. 1(a). It has a
vertical channel with a cross-section area of 45.5 x 242 mm. The facility
allows the study of a catalytic section under well-defined conditions, i.e.,
mass flow rate and hydrogen inlet concentration. The RSTS is equipped
with digital gas flow controllers to supply the hydrogen-air mixture to
the channel inlet. The application of this facility is justified by the fact
that the channel represents a downscaled PAR that contains only one
catalyst section. Such small-scale test facilities have long been identified
as most suitable for catalytic reactions, especially in hydrogen oxidation
reactions (Reinecke et al., 2004; Hunt et al., 2018; Gardner et al., 2021;
Kozhukhova et al., 2022).

Fig. 1(b) presents a schematic arrangement of the experimental fa-
cility components and infrastructure, such as gas pipeline, hydrogen
sensors, IR camera, and channel. Inlet and Outlet have a rectangular
shape with a cross-section area of 45.5 x 242 mm. The hydrogen sensors
co-called H1, H2, H3, P1, P2, P3, P4, P5 are located in the triangle slots
according to Fig. 1(a).

The total inlet mass flow rate is defined to be 35.0 & 0.2 g/min. The
selected mass flow rate is appropriate to maintain the average flow ve-
locity inside the channel. According to the CFD simulations, an average
velocity along the catalyst section area was observed of <0.1 m/s.
Steady-state conditions were achieved within ~600 s after initiation of a
test. The initial conditions of the tests are given in Table 2.

The mixture enters the channel from the bottom, and then passes
through the catalyst in the middle; steam with unreacted hydrogen exits
the channel through the chimney outlet. During the experiments, the
hydrogen concentration was determined in real time at 10 points inside
the recombiner channel. The sensors manufactured by Neodym ProtiSen
(P and H) and Xensor Integration XEN-5320 (N) were used in the ex-
periments. P and H were used to calculate the average H; concentration
when N sensors — for the local concentrations. ProtiSen sensors detect
hydrogen (in the air) with a range of 0-4 vol%. XEN-5320 sensors detect
hydrogen with a range of 0-100 vol%. The inlet hydrogen concentration
was measured at two lowest points of the channel by ProtiSen sensors
(P4, P5) and one local point near the catalyst section by XEN-5320
sensors (N1). The outlet hydrogen concentrations (average) were
measured at six upper points along the channel by ProtiSen sensors (P1,
P2, P3, H1, H2, H3), and one local point near the catalyst section by
XEN-5320 sensors (point N2). The measuring error of hydrogen con-
centration did not exceed +3 %.

The initial temperature of the catalyst was in the range 25-28 °C. The
temperature distribution over the catalyst surface was captured with a
high-resolution infrared (IR) camera (Telops Midwave HD Series
(M100hd), Canada). Base calibration of accuracy and uniformity were
performed by Telops and the absolute error was estimated within +2 °C
for the temperature range 0-345 °C, and +4 °C for the temperature
range 345-600 °C. Thermal and optical visibility was achieved by
equipping the facility channel with sapphire glass placed in front of the
catalyst section.

Some representative results are given in Figs. 2-7. They demonstrate
the constant inlet Hy concentration (black line), local (red line), and
average (blue line) outlet H, concentration, and the evolution of catalyst
surface temperature (green line). The local outlet hydrogen

Table 2

Initial conditions of the test series.
H, inlet concentration Ci,[H>], Mass flow rate mjy, g/ Po, Togas»
vol.% min kPa °C
2.0-7.0 35.0£0.2 101 25
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concentration curve represents the N2 sensor reading, while the average
outlet hydrogen concentration curve is an average value out of the six
upper sensor readings (P1, P2, P3, H1, H2, H3). The catalyst surface
temperature increases due to the exothermic recombination reaction,
depending on hydrogen concentration. The green lines in Figs. 2-7
illustrate this effect.

It is evident from these figures that the maximum catalyst surface
temperature (Tpay) increases as the inlet hydrogen concentration in-
creases. The maximum temperature at 2 vol% hydrogen concentration
reaches nearly 180 °C, while the highest temperature of approximately
405 °C at 7 vol% of inlet Hj is observed. Fig. 3 shows that Ty, reaches
235 °C at 3 vol% inlet Hy. Under conditions that refer to the lower
hydrogen ignition limit (4 vol%), Tnax reaches ~275 °C (Fig. 4). The
maximum temperature at 5 vol% and 6 vol% inlet H, reaches 310 °C and
365 °C, respectively (Figs. 5 and 6). Nevertheless, the minimum
hydrogen ignition temperature in atmospheric air (about 540-580 °C)
(Avdeenkov et al., 2018; duToit et al., 2018; Kozhukhova et al., 2021b)
was not observed under the given experimental conditions. The exper-
imental results obtained for the catalyst temperature demonstrated a
safe and reliable performance of the cylindrical-type PAR catalyst within
a wide range of inlet hydrogen concentrations.

On the other hand, it is interesting to observe the time duration
required for the catalyst to achieve steady-state conditions under
different inlet hydrogen concentrations. Fig. 2 reveals that the catalyst
temperature keeps rising, within approximately 400 s, before it reaches
the maximum value. However, this trend changes slightly as the
hydrogen concentration increases. For the remainder of the given cases,
the catalyst reaches Tpax after nearly 250 s of hydrogen exposure.

Regarding the temperature gradient along the horizontal axis of the
catalyst section, it is necessary to explain the difference in the surface
temperature profiles obtained from experiments. Based on the full 2D
profiles obtained from the IR camera, a significant temperature gradient
was observed between cylinder no.1 and cylinder no.14. Fig. 8 dem-
onstrates this phenomenon. The initial conditions for Test 1 and Test 2,
described here were identical to those of the main test series outlined in
Table 2, for Cin[Hz] = 7 vol%. At high hydrogen concentrations, some
instability in the horizontal temperature gradient may appear. The
experimental channel has an open top part (exhaust), and the outgoing
flow rates are low. Therefore, any reasons causing a violation of the
installation’s insulation can lead to a redistribution of gas flows both
near the setpoint and in it. This in turn causes flow asymmetry in the
experiment and a corresponding horizontal temperature gradient. Our
goal was to achieve as symmetrical temperature distribution as possible
and in the latest experiments, we observed a relatively symmetrical
temperature profile along the horizontal axis of the catalyst section
under the entire range of hydrogen concentration.

According to the above, we have a ground to consider that there are
two similar flow behaviours observed during the cylindrical-type cata-
lyst operation, specifically, either the translocation of the gas mixture at
the right/left or the symmetrical flow over the middle part of the catalyst
section/recombiner channel. We note that the catalyst temperature
demonstrates a very similar maximum for both observed flow behav-
iour. This conclusion is reinforced by CFD simulations (see Section 3.2).

Besides the catalyst temperature, the hydrogen conversion rate is the
most significant parameter of PAR operation. Figs. 2-7 (blue line) pre-
sent the time evolution of the average hydrogen concentration at the
outlet of the recombiner channel. These hydrogen concentrations were
obtained for all cases considered in this study (2-7 vol%) at an inlet gas
temperature of 25 °C and a mass flow rate of 35.0 & 0.2 g/min.

The initial phase of hydrogen consumption is observed during the
first 30 s. Although the hydrogen concentration at the outlet increases
over the first 30 s, it never reaches the inlet concentration. This increase
in concentration can be referred to the low temperature of the catalyst
section, which was within the range 26-30 °C. Then, after 30 s, the
hydrogen concentration decreases, which means that the autocatalytic
recombination reaction has commenced. The hydrogen concentration
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Fig. 2. Time evolution of catalyst surface temperature and outlet H, concentrations at C;,[Hy] = 2 vol%.
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Fig. 3. Time evolution of catalyst surface temperature and outlet H, concentrations at Ci,[H2] = 3 vol%.

continues to decrease up to 120 s. A relatively uniform outlet hydrogen
concentration can be observed within 300 s of recombiner operation.
The steady-state concentration at the channel outlet was achieved after
~ 600 s of hydrogen exposure. Similar results of PAR start-up behaviour
for the plate-type PAR catalyst were observed by Rozen (2018). Exper-
iments with both catalyst types, generally, demonstrated that the
recombination reaction occurs spontaneously on the catalyst surface.

The hydrogen conversion rate is influenced by a wide range of fac-
tors, including but not limited to the inlet flow rate, hydrogen concen-
tration, relative humidity, gas temperature, the presence of carbon
monoxide and the gas residence time on the catalyst surface (Gupta
et al., 2015; Mueller et al., 1999; Reinecke et al., 2004; Malakhov et al.,
2020b; Kozhukhova et al., 2021a; Malakhov et al., 2022). The latter
parameter can be ascribed to the PAR’s channel design and the shape of
catalytic elements. The results demonstrate that hydrogen recombina-
tion in the recombiner channel is incomplete. The reaction products and
unreacted hydrogen passes through the gas outlet. Therefore, the
hydrogen conversion (Yyo, %) can be quantified by Eq. (1):

Cinrrz) — Courlr)

Yz = x 100 e}

Cinr)

with the use of measured outlet and inlet hydrogen concentrations.

It is well known that hydrogen conversion increases with an increase
in inlet hydrogen concentration (Reinecke et al., 2014). From the results
obtained in the RSTS experiments, the cylindrical-type catalyst section
demonstrates similar behaviour. Based on the data presented in Table 3,
the lowest conversion efficiency of ~50 % was observed at Ci,[Hy] = 2
vol%, while the highest efficiency of 67 % was observed at Ci,[Hz] = 7
vol%. Experimental conversion efficiency is estimated within the range
50 %-68 %. Avdeenkov et al. have reported almost identical experi-
mental results for the same cylindrical-type PAR catalyst (Avdeenkov
et al., 2018). Besides that, results for both catalysts demonstrated that
>50 % of incoming hydrogen is converted into water and heat within all
the hydrogen concentrations considered.
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3.2. Detailed CFD modelling in STAR-CCM+

The test model described in the experimental section (Section 3.1)
was validated in CFD code STAR-CCM+ (Siemens PLM Software, U.S.) in
combination with the CHEMKIN database (Reaction Design, U.S.). A 3D
detailed CFD model was designed to represent the same vertical channel
with a cross-section area of 242.0 x 45.5 mm, containing a single
cylindrical-type catalyst section. The flow inside of the channel is
assumed turbulent due to the complex geometry of the catalyst section.
In the present study, the choice of the realisable k-¢ model over the LES
turbulence model or others is motivated by practical considerations. The
LES model is computationally more efficient for some simulation cases;
however, it requires higher computational resources and longer CPU
wall time. A realisable k-¢ model has several advantages over other
turbulence models, such as k-0 SST. A realisable k-¢ model is well-suited
for capturing the averaged behaviour of turbulent flows, which is often
sufficient for many engineering applications. The realizable k-e model
turbulence viscosity is not a constant like in the standard model but a
variable. Since velocity keeps on changing its vector throughout the
channel, the realizable k-e model is more suitable for simulations of the
near-wall vortices. Therefore, a realisable k-epsilon model with a two-

layer approach based on Reynolds-averaged Navier-Stokes equations
was used to simulate turbulent flow (Malakhov et al., 2020a).

The standard mesh sensitivity study was performed using three base
mesh sizes of 10.0 mm, 5.0 mm, and 1.0 mm. Mesh refinement was
applied around the catalyst section area for all base cell sizes. The results
indicated that the numerical solutions were insensitive with 5.0 mm of
base cell size. Polyhedral-type mesh with a total number of ~3,500,000
cells is discretised in the numerical domain. Numerical mesh settings
and boundary conditions are presented in Fig. 9.

A preliminary numerical study of cylindrical-type PAR catalyst
characteristics within the inlet hydrogen concentration range 2-5 vol%
was performed by Malakhov et al. (2020b). Based on the assumption
that the study conditions lie below those for a possible occurrence of
homogeneous combustion, only a heterogeneous mechanism of Hy/O2
recombination on Pt catalyst was included in the numerical model
(Deutschmann et al., 1996).

However, to study the catalytic hydrogen recombination process in
detail, one has to keep in mind that it is necessary, to take into account
the homogeneous reaction kinetics mechanism in the CFD model
(Klauck et al., 2014). The numerical model which includes surface and
gas-phase reaction kinetics was introduced and validated by several
authors (Appel et al., 2002; Deutschmann et al., 1996; Ljungstrom et al.,
1989; Mueller et al., 1999; Rinnemo et al., 1997; Warnatz et al., 1994;
Zhang et al., 2020).

In efforts to investigate a cylindrical-type PAR catalyst under a high
inlet hydrogen concentration, a detailed CFD model that includes the
conjugated approach of Hy/O5 recombination reaction kinetics has been
proposed in recent work by Malakhov et al. (Malakhov et al., 2022)
based on works published in past (Appel et al., 2002; Klauck et al.,
2014). The detailed mechanism contains twelve heterogeneous and
twenty-one homogeneous chemical reactions (Deutschmann et al.,
1996; Warnatz et al., 1994).

The reaction rate results from the sum of reaction rates of each
surface and gas-phase species obtained from the detailed chemical
mechanism of hydrogen oxidation on a Pt catalyst (Appel et al., 2002).
The reaction rate coefficient for reaction j is calculated by the Arrhenius
equation as shown in Eq. (2):

k= AT”exp( — REMT) (2)
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Fig. 7. Time evolution of catalyst surface temperature and outlet H, concentrations at Ci,[H2] = 7 vol%.

where R, is the universal gas constant and A is the pre-exponential co-
efficient, E, is the activation energy and f is the temperature coefficient
that is supplied by the chemical mechanism (Appel et al., 2002; Klauck
etal., 2014; Rinnemo et al., 1997). The surface mechanism comprises 12
reactions—hence it can provide absorption-desorption reactions of the
gas species on the catalyst and surface species for surface reactions. The
results demonstrate that hydrogen recombination reaction occurs in the
diffusion regime (Frank-Kameneckij, 1955). In this case, the amount of
Pt loaded does not play a significant role in the reaction rate and the
main rate-controlling process is the gas diffusion to the surface (Prab-
hudharwadkar et al., 2011; Rozen, 2018). Therefore, the cylinders
supported by the Pt catalyst were simulated as a smooth Pt layer with the
surface site density taken as 2.7 x 10~° kmol/m? Thermochemical
properties were taken from the CHEMKIN thermodynamic database and
applied with polynomial curves (Ljungstrom et al., 1989; Mantzaras
et al., 2009; Meynet et al., 2014).

Heat radiation generated from catalytic elements as a result of
exothermal reaction is an important component of heat transfer inside a
PAR (Rozen, 2015a). According to Meynet et al., thermal radiation and
thermal diffusion modelling have a significant effect on the numerical
results (Meynet et al., 2014). The difference in temperature prediction,
caused by radiation model presence was also observed in the proposed
CFD model, however, not present in this work. Considering the litera-
ture, heat radiation from the catalyst surface is accounted for by using
the discrete ordinates method (DOM). Catalyst surface emissivity was
set to a value of 0.9 for platinum black (Rozen, 2015b). The definition of
transport of mass was accomplished by including the multicomponent
diffusion of each species involved in the gas mixture. Furthermore,
recent numerical studies have demonstrated that the mass transfer
caused by the thermal diffusion effects on prediction of catalyst tem-
perature and hydrogen distribution in a PAR channel (Rozen, 2015a,b;
Malakhov et al., 2023). In the final step, an additional equation that
accounts for the thermal diffusion (Soret effect) was added to the
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Table 3
Experimental hydrogen outlet concentrations and estimated conversion.

H, inlet concentration H, outlet concentration H, conversion,

Cin[Hy], vol.% Cin[H], vol.% %
2.0 1.05 47.5
3.0 1.46 51.4
4.0 1.75 56.25
5.0 1.9 62.0
6.0 21 65.0
7.0 2.26 67.7

detailed CFD model. For a more detailed description, the reader is
referred to literature (Malakhov et al., 2023).

It is worth noticing that the CFD simulations included all fourteen
catalytic cylinders and full-length channel as shown in Fig. 9. The full-
scale profiles can be found in supplementary materials. Fig. 10 pre-
sents an example of the calculated distribution profiles of flow velocity,
temperature, reactants, and products along two cylinders in the middle
of the recombiner channel (cylinders no.7 and no.8) at 5 vol% hydrogen.
Results demonstrate steady-state calculations.

Although the mass flow rate at the inlet pipe of the recombiner
channel is relatively high (0.29167 g/s for each inlet side in the CFD
model (see Fig. 1)), the flow at the lower part of the channel demon-
strates 0.1-0.2 m/s. Moreover, a low-velocity profile of <0.1 m/s was
observed along the catalyst section area, as can be seen in Fig. 10(a).

Simulation results demonstrated that, due to assumed symmetry in the
CFD model, the temperature distribution shows a similar pattern for all
cases studied in this paper, i.e. the maximum temperature is found along
the middle cylinders. It should be noted that the experimental temperature
profiles reveal the hottest cylinders on the very right or left side of the
catalyst section, however, the maximum value stays the same, regardless of
the place it appears. It can be attributed to the specifics of turbulent vortex
distribution in the experimental channel. Fig. 10(b) shows the catalyst

surface temperature at 5 vol% inlet Hj for the 7th and 8th cylinders (in the
middle of the catalyst section) that reaches 310 °C. The simulation results
demonstrate an excellent prediction of the experimentally measured
maximum temperature. Our preliminary results demonstrated that the
effect of homogeneous mechanism is rather small for up to 7 % of inlet Hy
but detailed analysis and effects will be studied elsewhere. The observed
deviation between measured and calculated maximum catalyst surface
temperature observed in the present study did not exceed 5 % (see Fig. 11)
while it can be more for some arbitrary locations.

Fig. 10(c) shows that the hydrogen concentration over the catalyst
elements is nearly zero, which means that hydrogen recombination oc-
curs rapidly on the catalyst surface. In the considered case, the velocity
along the cylinders is quite low (Fig. 10(a)), and it can be concluded that
the recombination reaction occurs in the diffusion regime. Moreover,
Fig. 10(c) demonstrates an interesting phenomenon. In the case of a
cylindrical-type catalyst, the SS frame, which holds the cylinders
together, absorbs heat radiated from the catalyst. As a result of the
separation of the light and heavy reaction species, there is an accumu-
lation (in concentration) of light hydrogen species near the SS frame at
the bottom of the middle group of catalyst cylinders (where the tem-
perature gradient is higher). This can be attributed to the difference in
thermal conductivity of the catalyst support material and the SS frame.
Therefore, the temperature gradient between the heated catalyst and
surrounding gas causes the local hydrogen concentration near the SS
frame to increase due to thermal diffusion. Simulations demonstrated
that the value of the thermal diffusion effect (Soret effect) increases as
the inlet concentration increases (Malakhov et al., 2023).

It is evident that water vapour is gradually generated during the Hy/
O, reaction and then transports up the channel exit by convection.
Fig. 10(d) illustrates the profile of HyO distribution. According to our
simulations, the amount of H20 close to the catalyst surface reaches 12
vol% at 5 vol% of inlet Hy. In a study of plate-type catalyst behaviour
under carbon monoxide poisoning conditions, Klauck et al. reported 8
vol% of outlet H,O at 5 vol% of inlet Hy (Klauck et al., 2014).
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Fig. 10(e) presents the OH- radical mole fraction profile along the
middle of the catalyst section. The concentration of OH- radicals in
reaction products can be an indicator of hydrogen ignition occurring in
the gas phase (Dogwiler et al., 1999; Ljungstrom et al., 1989). In a plate-
type catalyst study, Meynet et al. demonstrated the availability of OH-
radicals with a maximum 1.0 x 10~ mole fraction of OH- at 8 vol% of
inlet Hy (Meynet et al., 2014). However, in the present paper, the
numerically calculated outlet mole fraction of OH- does not exceed 2.0

10

x 10712 at 5 vol% of inlet Ho.

A comparison of the maximum catalyst temperature measured
experimentally over the cylindrical-type catalyst section against CFD
simulation is presented in Fig. 11. The maximum temperature is calcu-
lated for all 14 cylinders and the hottest catalyst cylinder is plotted along
the ordinate axis, while the cylinder length is plotted along the abscissa
axis (0.065 m is the lower part (bottom), 0.0 m is the upper part (top) of
catalyst cylinders).
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humps of the temperature drop can be attributed to the SS frame that Fig. 12. Numerical and experimental hydrogen conversion at Ci,[Hs] = 2-7
holds the catalytic cylinders upright. Due to the geometrical features, vol%.

the frame absorbs radiative heat from the catalyst surface at two points,
as can be seen in Fig. 11. The difference between the numerical and
experimental results increases as the Hy concentration increases.
Nevertheless, although the average maximum catalyst temperature gets
overpredicted as the initial hydrogen concentration increases, it can be
confirmed that global characteristics of the catalyst surface temperature
profile can be reproduced in good agreement with experimental data.

Fig. 12 shows experimentally measured and CFD simulated steady-
state hydrogen conversion. As mentioned in Section 3.1, conversion
increases as the inlet hydrogen concentration increases. The lowest ef-
ficiency of ~ 50 % was observed at Cj,[H2] = 2 vol%, whilst the highest
efficiency of 65 % was observed at Ci[Hz] = 7 vol%.

Numerically calculated hydrogen conversion shows a difference.
Fig. 12 shows that the calculated hydrogen conversion increases as the
inlet hydrogen increases from 2 vol% to 7 vol%. It can be seen that the
discrepancy of the results increases when inlet hydrogen concentration
increases. The relative error between experimental and simulation for
hydrogen conversion is about 10 %. The hypothesis is that due to the
transition between surface and gas phase chemistry from Ci,[Hz] = 5 vol
% the discrepancy between the experiment and CFD increases. It was

11

found that, for instance, AREVA PAR starts gas phase recombination at
around Ci[Hz] = 6 vol% (Meynet and Bentaib, 2012). Consequently,
from around Ci,[H2] = 6 % the gas phase reaction contributes more to
the hydrogen recombination process in PAR. For the cylindrical PAR
catalyst, the gas phase ignition limit will be investigated in future work.

From the hydrogen conversion point of view, the plate-type catalyst
demonstrates significantly higher efficiency than the cylindrical-type
(Klauck et al., 2014). However, when making comparisons, one
should take into account the following: the channel geometry of the
REKO (Germany) and RSTS (South Africa) facilities and the total area of
catalyst surfaces.

3.2.1. Specific issue: modelling of turbulent mass transport

CFD simulation of turbulent flow dispersion is generally performed
using Reynolds-Averaged Navier—Stokes (RANS) or Large-Eddy Simu-
lation (LES) turbulence models. An important issue related to turbulence
flow modelling is how to choose the turbulent Schmidt number (Scy).
The Schmidt number is the ratio of the kinematic viscosity and the
molecular diffusivity (Reynolds, 1975).



A.A. Malakhov et al.

A wide range of predicting Sc; values exists for different applications.
According to a review by Tominaga and Stathopoulos, the optimal
values of Sc; might vary significantly, from 0.2 to 1.3 (Tominaga and
Stathopoulos, 2007). The Schmidt number can be calculated through a
series of CFD validations against experimental data with varying Sc;
values (Blocken et al., 2008). However, from the literature, it appears
that the choice of Sc; is not straightforward—the actual value depends
on the flow properties and channel geometry. For example, Orszulik
et al. performed CFD simulations in the ANSYS Fluent code and pro-
posed that the Schmidt number equal to 1.3 allows for the best pre-
dictions in the case of plate-type PAR catalyst (AREVA FR90) (Orszulik
et al., 2015). A high Sc; number can be attributed to a likelihood of
laminar flow when the low Sc; number is linked to well-developed tur-
bulent flow.

In STAR-CCM+, the Schmidt number is a function of molecular
diffusion, therefore, when changing the Schmidt number, one changes
the molecular diffusion by means Sc;. The turbulent Schmidt number is a
non-dimensional parameter that is defined by Eq. (3):

v

Sc, 3)

im

where, v is the kinematic viscosity and D;,, is the molecular diffusion of
component i in the mixture (CD-Adapco, 2020).

Taking the above into consideration, additional simulations were
performed in this study in order to evaluate the Schmidt number influ-
ence on the catalyst temperature of a cylindrical-type PAR catalyst. The
simulations were performed with the Sc; values ranging from 0.2 to 1.0
(e.g., Sct = 0.2; 0.28; 0.4; 1.0) and compared to simulations with use of
kinetics theory model and experiment.

Fig. 13 shows the comparison of catalyst maximum temperatures
with use of different Sc; values and kinetics theory for turbulence mass
transport modelling against experimental data. In order to calculate
maximum catalyst surface temperature in CFD simulation, the vertical
line-probe that contains 40 trace points have been created along each
catalytic cylinder attached to the surface.

For the cylindrical-type PAR catalyst it can be seen that a better
prediction was obtained with use of the kinetics theory model. However,
the results demonstrate that low Sc; indicates an efficient mixing of
hydrogen and air along the catalyst section, leading to a higher likeli-
hood of turbulent flow occurring. Research has shown that Sc; values
within the range 0.2-0.28 allow for the best prediction of experimental
temperature profiles under the considered conditions, as well as it shows
that Sc number strongly correlated with hydrogen concentration.
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3.3. Estimation of PAR efficiency based on mechanistic transport
approach and detailed mechanism of Hz/O2 recombination

The PAR conversion efficiency—the amount of hydrogen converted
on the catalyst surface during recombiner operation—can be either
measured experimentally or calculated numerically. Several research
works have studied the commercially available PARs, in order to
develop a simplified equation that predicts global behaviour of a
PAR—the so-called empirical rate correlations was developed
(Avdeenkov et al., 2018; Kelm et al., 2008; Reinecke et al., 2010).
However, those works are based on empirical correlations and allow
predictions of specific conditions that have been assumed in related
experiments. Besides that, there is yet another method to access the
practical estimation of the PAR RVK-500 conversion efficiency. Previ-
ously published works stated that the rate of recombination reaction is
governed by the speed of supply of the reactants to the catalyst surface,
e.g. fast surface reaction hypothesis (Kelm et al., 2008; Reinecke et al.,
2010; Avdeenkov et al., 2018, 2022; Malakhov et al., 2020). This
assumption can be applied to develop a numerical estimation of the
entire PAR efficiency. The efficiency of the entire PAR can be estimated
by using the Sherwood equation (Kelm et al., 2008).

As the PAR catalytic unit comprises numerous geometrically iden-
tical elements, it is often unnecessary to calculate the characteristics of
each individual plate or rod or even the entire PAR. Instead, it suffices to
examine and validate the efficiency of the smallest representative
structure. This approach was employed in verifying the REKO-3 exper-
iments (Reinecke et al., 2005). In this context, the proposed approach
needs to add an additional definition of the “elementary cell” of a PAR
(single section of RVK-500 catalyst). It represents the essential func-
tional component of the system, allowing for the evaluation of the entire
PAR effectiveness. For a more detailed description of the method, the
reader is referred to Avdeenkov et al. (Avdeenkov et al., 2022).

The proposed method is based on two assumptions: (i) the gas
mixture is considered a mixture of ideal gas and (ii) mass transport oc-
curs in the diffusion regime (continuous plug flow reactor) (Rozen,
2015a). For the conditions of the catalytic hydrogen recombination
process occurring in the diffusion regime, the reaction rate can be
approximated using the mechanistic transport approach, as follows (4):
R=Sh2 acy @
where, Sh is the Sherwood number, D is the effective diffusion coefficient,
d is the hydraulic diameter, and ACy is the mole concentration of Hp.

Accordingly, in the case of the diffusion regime of hydrogen
recombination reaction, Eq. (4) can be converted as follows (5):
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Fig. 13. Maximum temperature profile along catalytic cylinders for different Sc, number value, kinetic theory model, and experiments at 2 and 4 vol% hydrogen.
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D
R=Sh—Cy 5)
d
where, Cy is the mole concentration of inlet hydrogen.
For the uniform well-developed turbulence flow, the Sherwood
number can be transformed as follows (6):

Sh = f(Re, Sc,) = constRe"Sc," (6)
where, Re = pwd/n is the Reynolds, Sc; = 1/(pD) is the Schmidt number,
n — is the dynamic viscosity and p is the density of the hydrogen-air
mixture.

Considering that the hydrogen-air mixture is the mixture of ideal
gases it is easy to see that the density is proportional to Cy/C, where C is
the hydrogen volume concentration.

Thus, according to Egs. (5) and (6) the recombination reaction rate
can be rewritten as follows (7):

R=AC,"C" "y )
where, A is the constant that accounts for the environmental conditions
(such as pressure, temperature, mass flow rate) and channel geometry,
Cu is the hydrogen molar concentration, C is the hydrogen volume
concentration, and w is the flow rate.

We presumed that all coefficients for Eq. (7) can be found for the
recombiner elementary cell by calculation of recombination rate for
different initial conditions. The elementary cell of the recombiner is
built based on the symmetry of the arrangement of the cylinders in the
catalytic block and symmetrical boundary conditions. Knowing the
productivity of the unit cell and their number, the overall productivity of
the recombiner is simply scaled by multiplying the productivity of the
unit cell by their number. Of course, this does not consider edge effects,
that is, the effect of the finiteness of the catalytic unit. However, the
estimation showed that for a catalytic unit containing several hundred
catalytic cylinders, this effect is insignificant.

All numerical data for recombination rate of the elementary cell and
for different Cy;, C and w are calculated with use of a detailed mecha-
nism in a way it was verified in previous chapters. We found that all
collected data can be approximated by the following functional depen-
dence (8):

R =9.29 x 1075(CyCw)*** (8
PAR RVK-500 consists of 245 elementary cells, then the functional
dependence (8) needs to be multiplied by the total number of elemen-
tary cells (Avdeenkov et al., 2022). This formula is more appropriate for
the numerical investigation of recombiners. But as we are dealing with
ideal gases, we can use any two other thermodynamic variables for the
environmental condition instead of Cy, C, for example, P and C or T and
C. Therefore, the efficiency of hydrogen recombination for the entire
cylindrical-type PAR RVK-500 can be estimated for given external
conditions such as temperature, pressure, flow rate and volume
concentration.

In order to verify the mechanistic transport approach and functional
dependence (8), some experimental data for PAR RVK-500 was taken
from Tarasov et al. and Avdeenkov et al. That data was collected in the
facility that ensures natural convection flow throughout the PAR chan-
nel. The flow rate was estimated within the range of 0.3-0.5 m/s. That
data were used to compare results obtained by (8) against the empirical
rate correlation published in the past (Tarasov et al., 2017; Avdeenkov
et al., 2018).

Fig. 14 demonstrates the numerically calculated efficiency of PAR
RVK-500 by functional dependence (8) under different initial condi-
tions. The trend on Fig. 14 demonstrates that the PAR efficiency is lin-
early increasing as inlet hydrogen concentration increases. Furthermore,
presented estimation correlates with the previously published results by
(Avdeenkov et al., 2022), (Malakhov et al., 2023), (Tarasov et al., 2017).
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Fig. 14. PAR RVK-500 conversion efficiency calculated by the functional
dependence and mechanistic transport approach.

Nevertheless, the widely accepted hypothesis of fast surface re-
actions restricts the exploration of transport-chemistry interactions that
govern complex phenomena like ignition. Specifically, modelling reac-
tion kinetics based solely on mass transfer simplifies the modelling
process but overlooks the recombination reaction taking place within
the flow volume, and so the gas-phase ignition. To accurately capture
this process, more detailed modelling approaches are required, incor-
porating chemical interactions in both the volume and on the surface.
Although the proposed functional dependence (8) does provide with
quite realistic PAR RVK-500 efficiency, this equation needs to be
investigated in more detail.

4. Conclusions

The study aimed to investigate the performance and efficiency of
cylindrical-type PAR catalyst in hydrogen recombination reactions,
which are crucial for preventing hydrogen explosions in nuclear power
plants and other industrial hydrogen facilities. Comprehensive analysis
of a cylindrical-type catalyst has provided valuable insights into the PAR
operational behaviour for hydrogen safety.

Experimental results showed that the cylindrical-type PAR catalyst is
highly effective in recombining hydrogen and preventing the accumu-
lation of flammable gas mixtures in the confined environment. Experi-
mental results provide the total and local hydrogen concentrations at the
outlet of recombiner channel. CFD results provide a detailed under-
standing of the flow patterns, concentration, and temperature profiles
inside the recombiner channel and over catalyst section. The results
were in good agreement with the experimental data. The study is
investigated the effect of various operating parameters such as the inlet
flow rate, hydrogen concentration, thermal diffusion (Soret effect),
Schmidt number on the recombination efficiency and catalyst temper-
ature. The turbulent Schmidt number was numerically calculated during
addition CFD modelling in this paper. CFD results indicate that the Sc;
value within the range 0.2-0.28 allows for the best prediction of
experimental temperature profiles of cylindrical-type PAR catalysts.
Lastly, this paper proposes the functional dependence to estimate the
efficiency of the entire PAR RVK-500 based on Sherwood equation and
mechanistic transport approach.

Overall, the study has demonstrated the importance of understand-
ing the behaviour and performance of cylindrical-type PAR catalysts in
hydrogen safety systems. The results can be used to optimise the design
and operation of PAR systems and improve their effectiveness and
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reliability in preventing hydrogen explosions. The study also highlights
the importance of combining experimental and computational ap-
proaches to gain a comprehensive understanding of the complex phe-
nomena involved in hydrogen recombination reactions. Further
parametric research is required, nonetheless, to investigate the perfor-
mance of cylindrical-type PAR catalysts under different conditions.
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