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Abstract: Many studies have been conducted on the performance of a passive autocatalytic recombiner (PAR), but not many 

have focused on the locations where the PAR is installed. During a severe accident in a nuclear reactor containment, a large 

amount of hydrogen gas can be produced and released into the containment, leading to hydrogen deflagration or a detonation. 

A PAR is a hydrogen mitigation method that is widely implemented in current and advanced light water reactors. Therefore, 

for this study, a PAR was installed at different locations in order to investigate the difference in hydrogen reduction rate. The 

results indicate that the hydrogen reduction rate of a PAR is proportional to the distance between the hydrogen induction loca-

tion and the bottom wall. 
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1. Introduction

The potential danger of hydrogen was first identified after 

the Three Mile Island accident in 1989, where a large quantity 

of hydrogen was released into the containment and started to 

combust. Since then, numerous studies focusing on mitigating 

and reducing the potential risk of a hydrogen explosion have 

been conducted. The recent hydrogen explosions that occurred 

during the Fukushima Daiichi accident in March 2011 showed 

that the control and mitigation of risk of a hydrogen explosion 

are still key safety issues for nuclear power plants [1]. 

During a loss of coolant accident (LOCA), hydrogen gas 

may accumulate within the containment of a nuclear power 

plant. The hydrogen can be generated from (i) a metal-water 

reaction involving the zirconium fuel cladding and the reactor 

coolant, (ii) the radiolytic decomposition of water, which also 

produces oxygen, and (iii) the corrosion of the construction 

materials [2]. Hydrogen is then induced into the reactor cool-

ant system, and gradually, the entire containment. Assuming 

the internal conditions of the containment, such as the quality 

of the steam and air present, a flammable gas mixture may 

combust, generating a chemical and thermal load with a poten-

tial threat to the integrity of the containment [3]-[5].

A catalytic reaction is widely used owing to its lower 

threshold temperature required for a spontaneous reaction com-

pared to that of a non-catalyzed reaction. Passive autocatalytic 

recombiners (PARs) are currently implemented in many modern 

pressurized water reactors (PWRs) as an engineered safety fea-

ture for mitigating risk in the event of a core melt-down ac-

companied by significant releases of hydrogen gas into the re-

actor containment [6][7]. The catalyst materials are made of 

platinum and/or palladium, and recombine the hydrogen and 

oxygen gases into a water vapor upon contact with the surface 

of the catalyst. Hence, the heat produced during the recombina-

tion process creates a strong buoyancy effect, which increases 

the influx of surrounding gases into the inlet of the PAR [8].

Catalysts are generally developed in the shape of a plate or 

pellet. For example, PAR manufacturers such as AREVA and 

AECL utilize a plate-type catalyst, whereas NUKEM devel-

oped a specialized cartridge containing pellet-type catalysts. 

KNT developed a distinctive PAR model with enhanced hy-

drogen-removal capabilities. The new catalyst model adopts a 

larger surface area and the characteristics required to enhance 

the buoyancy-induced convective flow.

Korea Nuclear Technology (KNT) developed a PAR model 

with enhanced hydrogen removal capabilities. This new model 

adopts the shape of a honeycomb to create a greater catalyst 

surface area and an enhancement of the buoyancy-induced con-

vective flow [9]. The KNT PAR is a stainless housing equip-

ped with catalysts inside the lower part of the box. The design 

of the nuclear containment may cause some of the hydrogen to 

become trapped in the containment and unable to be reduced 

using mitigation equipment. Therefore, the location where the 
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PAR is installed will indirectly affect its performance. Hence, a 

residual amount of hydrogen in a nuclear power plant will ac-

cumulate and become a potential risk for a future hydrogen 

explosion. To investigate and compare the differences in hydro-

gen reduction, this study proposes the PARs be installed at dif-

ferent locations within the nuclear containment. 

2. Mathematical modeling

This study involves the use of Computational Fluid 

Dynamics (CFD), which is a widely used computer-based tool 

for analysis and the design process. By utilizing the advances 

in computing power and graphics, the creation and analysis of 

a certain model is much less labor intensive and cheaper than 

applying experimental methods. 

ANSYS CFX solves the unsteady Navier-Stokes equation 

in its conservation form. The instantaneous equation of mass 

(continuity) in a stationary frame is expressed as the follow-

ing equation:




∇∙  

In addition, the instantaneous equation for momentum is ex-

pressed as follows:




∇∙⊗ ∇∇∙

These instantaneous equations are averaged for turbulent 

flows leading to additional terms that need to be solved. 

Whereas the Navier-Stokes equations describe both laminar 

and turbulent flows without additional terms, realistic flows in-

volve length of scales much smaller than the smallest finite 

volume mesh. A direct numerical simulation of these flows re-

quires significantly more computing power than what is avail-

able now or will be available in the near future.

Therefore, a significant amount of research has been con-

ducted on predicting the effects of turbulence using turbulence 

models. Such models account for the effects of turbulence with-

out the use of a very fine mesh or a direct numerical simulation.

These turbulence models modify the transport equations by 

adding in the averaged and fluctuating components. The transport 

equations have been modified into the following two equations.




∇∙  




∇∙⊗ ∇∇∙ ⊗

The mass equation has not been modified, but the mo-

mentum equation contains extra terms, i.e., the Reynolds 

stresses, ⊗ , and the Reynolds fluxes, ⊗. These 

Reynolds stresses were previously modeled through additional 

equations to obtain closure. Obtaining closure implies applying 

equations to obtain closure, and that there is a sufficient num-

ber of equations to solve all of the unknowns including the 

Reynolds stresses and Reynolds fluxes. 

Various turbulence models provide various ways to obtain 

closure. The model utilized in this investigation is the Shear 

Stress Transport (SST) model. The advantage of using this 

model is that it combines the advantages of other turbulence 

models (k-ε, Wilcox k-ω, and BSL k-ω). 

The characteristic of the Wilcox model is the strong sensi-

tivity to free-stream conditions. Therefore, a blending of the k-

ω model near the surface and the k-ε model in the outer re-

gion was achieved by Menter, which resulted in the for-

mulation of the BSL k-ω turbulence model. This model con-

sists of a transformation of the k-ε into a k-ω formulation, 

subsequently adding in the resulting equations. The Wilcox 

model is multiplied by a blending function, F1, and trans-

formed k-ε using another function, 1-F1. F1 is a function of 

the wall distance (a value of 1 near the surface and zero out-

side the boundary layer). The standard k-ε model is used out-

side and at the edge of the boundary layer. 

However, whereas the BCL k-ω model combines the advan-

tages of both the k-ε and Wilcox k-ω turbulence models, it 

fails to properly predict the onset and amount of flow separa-

tion from a smooth surface. The k-ε and Wilcox k-ω turbu-

lence models do not account for the transport of turbulent shear 

stress resulting in an over-prediction of the eddy viscosity. A 

limiter on the formulation can be used to obtain the proper 

results. Such limiters are given in the following equation:

 max 



Where   



F2 is a blending function that restricts the limiter to the wall 

boundary, and S is an invariant measure of the strain rate.

The blending functions are given through the following two 

equations:

  tanharg


arg  minmax







 






where y is the distance to the nearest wall, and v is the kine-
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matic viscosity. In addition,

   max


∇∇ 

  tanharg
 

arg  max ′ ′
 







3. KNT PAR Calculations

3.1 Mesh and conditions

A mesh with a ratio of 1:1 was designed by referring to 

the size of the KNT PAR, which referred to the research pa-

per (Figure 1). To validate the actual size of the designed 

mesh PAR with the real KNT PAR, a test was conducted and 

the results were compared with the data provided by KNT. A 

simulation was created according to the actual size of the 

KNT integral test facility (ITF). The input conditions of the 

test were more or less similar to the information obtained 

from KNT. Therefore, we were able to determine the working 

properties of the mesh. Figure 2 shows a conceptual diagram 

of the ITF. The ITF comprises a carbon steel pressure vessel 

with an internal volume of 10.8 m³. It was constructed to 

conduct performance tests under varying conditions of pres-

sure, temperature, humidity, hydrogen concentration, and wa-

ter spray. It has a cylindrical shape ~2.0 m in diameter by 

~4.0 m in height. Safety and relief valves are installed on the 

top of the pressure vessel for the purpose of pressurization 

protection and venting, respectively. A manhole and pene-

tration ports are installed on the side for the instrumentation 

and the injection of air and hydrogen, respectively. All com-

ponents are composed of stainless steel piping and are sealed 

tight under high pressure.

Figure 1: Conceptual diagram of KNT honeycomb model in-

tegral test facility (ITF)

Figure 2: Actual conceptual diagram of KNT integral test facility

3.2 Results 

The Table 1 shows the results of the KNT PAR simulation. 

The movement of the gases within the containment was in a 

swirling direction, and most of the hot steam was accumulated 

at the top of the containment. The recombination process was 

continuously applied throughout the experiment, but a small 

amount of hydrogen accumulated at the bottom part of the 

containment. The hydrogen in the containment was success-

fully reduced from 4%, which is the lower flammability limit, 

and the rest was assumed to be oxygen. The experimental re-

sult was found have a slightly higher recombination rate com-

pared to the KNT PAR, but still reached the same result at 

the end of the simulation as shown in Figure 3.

Table 1: Hydrogen reduction fraction contour of KNT PAR 

simulation result (cut plane)

0s 10s

20s 30s

40s 100s
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Figure 3: Hydrogen reduction rate comparison

4. PAR Installed Locations

4.1 Conditions and mesh

The nuclear containment adopted in this study was merely a 

square cube, 5 m in length, 5 m in width, and 5 m in height. 

The KNT PAR was then placed at the center of the contain-

ment, 2 m from the bottom, as the default location (Figure 4). 

There were only two types of gas in the containment. The hy-

drogen volume fraction was set to the lower flammability limit 

of 4%, and the rest was assumed to be oxygen.

 

Figure 4: Different locations where the PAR model was installed

Adiabatic conditions were chosen for the test conditions, 

which ignore the heat transfer into the compartment walls and 

any condensation that would result in a mixing of the 

atmosphere. Test conditions and mesh details are shown in 

Table 2 and Figure 5 and 6.

Table 2: Simulation test input condition

Initial conditions 1 bar
Initial temperature 300 K

Initial air volume fraction 0.96
Initial H2 volume fraction 0.04

PAR location

Center 2.0m. 1.0m, 0.5m,   
0.25m

Side 2.0m, 1.0m, 0.5m,   
0.25m

Figure 5: CFX mesh of KNT PAR

Figure 6: Meshes of the KNT PAR and the containment

4.2 Results and discussion

Table 3 and 4 above show the hydrogen reduction 

changes in the nuclear containment from 0 s up to 1,000 s. 

The PARs were installed at two different locations and at 

different heights from the hydrogen gas induction source. 

The diagrams above show the hydrogen reduction up to 

1,000 s. The red color represents the original concentration 

of hydrogen gas, which is the lower flammability limit of 

4%, and the blue color represents the hydrogen gas concen-

tration after reduction, which is 0.5%. As the observation of 

the hydrogen concentration changes in the PAR, the concen-

tration of hydrogen gas underwent a reduction and was 

removed. However, some residual hydrogen gas remained in 

the containment, which is represented by the red color. We 

could see that the container in which the PAR was installed 

2.0 m from the inlet had the greatest amount of residual hy-

drogen gas. The container in which the PAR was installed at 

the bottommost case also had the least amount of residual 

hydrogen gas. 
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Table 3: Hydrogen concentration variation with inlet location in the case of center placed

Location Center 2.0 Center 1.0 Center 0.5 Center 0.25

Time(second)

100

200

300

400

500

600

700

800

900

1000
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Table 4: Hydrogen concentration variation with inlet location in the case of side placed

Location Center 2.0 Center 1.0 Center 0.5 Center 0.25

Time(second)

100

200

300

400

500

600

700

800

900

1000
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As shown in Figure 7 and 8, the average amount of hydro-

gen gas in the nuclear containment was reduced to 75% of the 

original concentration. However, in the cut plane of the nu-

clear containment, a large amount of hydrogen gas remained at 

the bottom.

Figure 7: Results of PAR installed at the center of the contain-

ment

Figure 8: Results of PAR installed at the side of the con-

tainment

Based on the results, we can conclude that a correlation ex-

ists between the locations where the PAR is installed and the 

hydrogen reduction rate. If the PAR is installed at a location 

farther from the hydrogen induction source, a greater amount 

of residual hydrogen gas will remain. In contrast, if the PAR 

is installed at a location closer to the hydrogen induction 

source, less residual hydrogen gas will remain at the end of 

the test. Owing to the buoyancy-induced force, the hydrogen 

gas remaining under the inlet of the PAR is difficult to reduce 

from the containment. 

Figure 9: Comparison of hydrogen reduction curves

The accumulation of hydrogen gas at the bottom of the con-

tainment was to a certain degree caused by the assumption of 

adiabatic walls. In a real scenario, the heat transfer to the 

compartment walls and the condensation would result in an 

enhanced mixing of the atmosphere.

Nevertheless, the residual amount of hydrogen gas in the 

containment can never be ignored. The high concentration of 

hydrogen gas was above of the lower flammability limit of 

4%. If this residual amount of hydrogen gas were to remain 

and not be removed from the containment, it would become a 

risk factor for a future hydrogen explosion. For a real accident 

taking place in a nuclear power plant, the consequences could 

be significant. Owing to the complicated and irregular shape 

of the internal structures, more residual hydrogen may remain 

in the containment and may not be removable. 

However, the differences in the results between the PAR in-

stalled at the center and at the side of the containment at the 

same height were not significant.

5. Conclusions

The hydrogen recombination rate was concluded to be pro-

portional to the distance to the hydrogen induction location. A 

PAR installed at a bottom location (nearer the hydrogen in-

duction source) has a better hydrogen recombination rate com-

pared to a PAR installed at a higher location, whereas a PAR 

installed at the center of the containment does not show a sig-

nificant difference in the hydrogen recombination rate com-

pared to a PAR installed at the side of the containment.
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