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Abstract 

 

Since the Chernobyl accident in 1986, many technologies have been developed 

and applied into a nuclear power plant to protect against severe accidents. 

Hydrogen reduction technology became rather important due to the Fukushima 

accident, in which a large amount of hydrogen generated from the reaction 

between steam and zirconium at high temperature was released into the 

containment and then the containment building was completely destroyed by 

hydrogen explosions. A Passive Autocatalytic Recombiner (PAR) is used widely 

to reduce hydrogen concentration in the containment building. However, a study 

reported that this method can become the cause of explosion by the spontaneous 

ignition of hydrogen in the recombiner. In this study a new design concept of the 

catalyst structure is proposed and analyzed. The temperature on the proposed 

design was extremely reduced, which will reduce the spontaneous ignition in the 

recombiner. 

 

Keywords: Passive autocatalytic recombiner, Hydrogen explosion, Catalyst 
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1 Introduction 
 

The Chernobyl nuclear accident occurred on 26th April 1986. Cooling pump 

power was reduced and cooling water was not supplied enough, and then fuel rods 

were overheated, which was caused the explosion. 

The nuclear accident in Fukushima occurred on 11th March 2011. A massive 

earthquake of a magnitude of 9.0 on the Richter scale, followed by a tsunami with 

waves up to 10 to 14m height, struck the Fukushima Daiichi(FD) nuclear power 

plant operated by the Tokyo Electric Power Company(TEPCO). The main and 

auxiliary power of nuclear power plant were lost, so the cooling systems did not 

operate and then the fuel rods overheated [1]. 

As shown in these accidents, if the heat of the fuel rods was not adequately 

dissipated, a large amount of hydrogen is generated from the reaction between 

steam and zirconium at high temperature. The hydrogen is released into the 

containment and mixed with air which is possibly ignited. Then the flame is 

accelerated leading the hydrogen explosion [2]. Nevertheless, nuclear energy 

currently contributes 13% to the electric power [3,4].  

PARs are installed inside the containment of nuclear power plants in order to 

remove hydrogen released during a severe accident and to reduce the possibility 

of an explosion. Different types of catalytic recombiner have been supplied by 

PAR manufacturers that have utilized plate type catalysts or pellet type catalysts. 

Korea Nuclear Technology (KNT) also developed a distinctive PAR model with 

enhanced hydrogen removal capability which is chosen as the base model in this 

study.  

Many studies have been conducted to evaluate the performance of the PARs[5-

15]. Some of the previous studies have shown that PARs could ignite the gas 

mixture at rich hydrogen concentrations, which might be the cause of hydrogen 

explosion in containment. 

The objective of this work will be more focused on the PAR-induced ignition 

risk. In order to prevent the risk, new designs of the catalyst structure are 

proposed and investigated. 

 

2. Mathematical models and calculation conditions 
 

2.1 Mathematical models 

 

The instantaneous equation of mass (continuity) is expressed as the following 

equation: 
𝜗𝜌

𝛿𝑡
+ ∇ ∙ (𝜌𝑈) = 0                                                                                             (1) 

   

The transport equation of energy is as below: 

 
𝜕𝜌𝑐𝑝𝑇

𝜕𝑡
+ ∇ ∙ (𝜌𝑐𝑝𝑇𝑈) = ∇ ∙ 𝑘∇𝑇 + 𝐻                                                         (2) 
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And the instantaneous equation for momentum is expressed as shown in the 

following equation: 
𝜗𝜌

𝛿𝑡
+ ∇ ∙ (𝜌𝑼⊗𝑼) = −𝛻𝑝 + 𝛻 ∙ 𝜏 + 𝑆𝑀                                                   (3) 

 

These instantaneous equations are averaged for turbulent flows leading to 

additional terms that need to be solved. The Shear Stress Transport (SST) 

turbulence model is applied, which has the accuracy to flow separation 

phenomenon in adverse pressure gradient as shown in equations (4) - (6). 

 

vt =
a1k

max(a1ω, 2F )
=

a1k

max(a1,(
∂u

∂y
)F2

                                                                   (4) 

 

F2 = tanh(arg2
2)                                                                                               (5) 

 

arg2 = max(2
√k

0.09ωy
,
500
y2ω

)                                                                             (6) 

 

2.2 Calculation girds and conditions 

 

Fig. 1 shows the PAR structures proposed in this study. Fig. 1 (a) is a two-step 

PAR, and (b) is a multi-step PAR. The effect of the distance between steps from 

50mm to 300mm on the PAR performance is analyzed in the two step cases, and 

the effect of the number of steps is analyzed in the multi-step cases.  

Fig. 2 shows calculation grids. Five hundred thousand grids are generated having 

denser grids near the catalysts, and calculation conditions are shown in Table 1. 

The four different distances of 50, 100, 200, and 300mm are tested, and the three 

multi-steps of 1-step, 2-step, and 3-step are compared, then three structure shapes 

of honeycomb, crossing over, and hexagon are analyzed. 

 
 

 
                                    50mm           100mm           200mm          300mm 

(a) Distance between catalysts 
 

 

 
                                                1step              2steps             3steps 

(b) Number of steps 
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                                                         Cross over        Hexagon 

(c) Catalyst shapes 
 

Fig.1. PAR structures tested in this study 

 

 

 
 

Fig.2. Calculation grids 

 

Table 1. Calculation conditions 

 
Items 

Shapes 

Distance 

 

50(mm) 

100(mm) 

200(mm) 

300(mm) 

Number  

of catalyst 

1 

2 

3 

Shapes 

Honey comb 

Crossing over 

Hexagon 

Ambient conditions 
Pressure 1(bar) 

Temperature 300(K) 

 

3. Results and discussion 
 

3.1 Spontaneous ignition criteria 

 

Fig. 3 shows the evaluation standard of spontaneous ignition risk. Spontaneous 

ignition takes place in the condition of over 4 vol.% of hydrogen and over 

913.15K The region marked A is the thickness of the hydrogen concentration 

under 4 vol.%, and region B is the thickness of the temperature over 913.15K. 

Therefore, the B area excluding A area is the possible region of spontaneous 

ignition. 
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Fig.3. Evaluation criteria for possibility of spontaneous ignition 

 

3.2 Results and discussion 

 

3.2.1 Effects of catalyst gap distance 

 

Fig. 4 shows the possible areas of spontaneous ignition with the variation in 

distance between the catalysts. The areas of the two step PARs are reduced 

significantly compared with the one step PAR. Spontaneous combustion can 

occur from 7.3 vol.% of hydrogen in the 50mm case and the volume percent 

increases to 8.0 vol.% in the 300mm case. It is important to note that the areas 

between two lines are similar despite the gap distance variation.  
 

 
                              (a) 50mm                                                 (b) 100mm 

 
                            (c) 200mm                                                   (d) 300mm 

 

Fig. 4. Spontaneous combustion areas with gap distance variation 
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Fig. 5(a) shows the initial hydrogen volume percentage that is capable of 

generating spontaneous combustion. The initial volume percent increases from 5.2 

vol.% at 1-step structure to 7.3 vol.% when the gap distance between steps 

becomes 50mm, then the values are similar to the other cases. In Fig. 5(b), 

hydrogen reduction rates are also not affected much with the gap distance 

variation. 

 
 

 
                    (a) Initial hydrogen volume percentage    (b) Hydrogen reduction rates 

 

Fig. 5. Initial hydrogen volume percentages and hydrogen reduction rates 

 
 

3.2.2 Number of steps 

 

Fig.  6 shows the possible spontaneous combustion area between temperature 

curve above 913.15K and hydrogen volume percentage curve over 4% for the 

different number of catalyst steps. The initial hydrogen concentration that is able 

to generate spontaneous ignition is increased with increasing the number of steps. 

The initial concentrations at 1-step, 2-step, and 3-step are 5.2, 8.0, 8.7 vol.%, 

respectively. The possible spontaneous combustion area between the lines of 

spontaneous ignition temperature and hydrogen concentration is rapidly reduced 

with increasing the number of the steps. 
 

 

 
             (a)1 step catalyst                     (b)2 step catalyst                       (c)3 step catalyst 

 

Fig. 6. Spontaneous combustion areas with the number of the steps 
 

Fig.7 shows the hydrogen volume fraction and temperature distribution in the 

ambient condition of 4 vol.% and 8 vol.% hydrogen. The hydrogen volume 

percentage is reduced greatly as the step number increases, and temperature is also  
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reduced. Temperature is continuously increased due to the heat release on the 

catalyst surface in the case of 1-step structure. In the case of multistep structure, 

the catalyst is separated into multi parts and mixing spaces are prepared between 

the steps. The gas heated at first step is mixed with ambient gas having low 

temperature in the spaces and then the low temperature gas enters next catalyst. 

Therefore, the temperature is reduced with increasing steps. 

 

              
   1-step   2-step   3-step             1-step   2-step   3-step 

H2 volume percent                       Temperature 

(a) 4 vol.% of ambient hydrogen 

 

            
   1-step   2-step   3-step             1-step   2-step   3-step 

H2 volume percent                          Temperature     

(b) 8 vol.% of ambient hydrogen 

 

Fig. 7. Hydrogen concentration and temperature distributions with the number of 

the steps 
 

Fig.  8 shows initial hydrogen volume percentage capable of spontaneous 

combustion and hydrogen reduction rates with the number of steps. The initial 

volume percentage increases with the number of steps, and the hydrogen 

reduction rate in multi-step has also increased a lot. 
 

 
             (a) Initial hydrogen volume percentage       (b) Hydrogen reduction rates 

 

Fig. 8. Initial hydrogen volume percentages and hydrogen reduction rates 
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3.2.3 The effect of catalyst shapes 

 

The possible spontaneous combustion areas for the different structure shapes 

are shown in Fig.9. The spontaneous combustion area is reduced in the cross over 

type, and greatly reduced in the hexagon shape. The initial volume percentage 

being able to generate spontaneous ignition has also increased in the new shapes. 

The volume percentages of honeycomb type, cross over type and hexagon type 

are 5.2%, 7.1% and 10%, respectively. Hydrogen reduction rate of the cross-over 

type is not much different from the honeycomb type, but the hexagon type is 

higher than the other two types. 

 

 
                (a) Honeycomb type             (b) Cross over type                   (c) Hexagon type 

 

Fig. 9. Spontaneous combustion area with structure shape variation 
 

 

 
              (a) Initial hydrogen volume percentage       (b) Hydrogen reduction rates 

 

Fig. 10. Initial hydrogen volume percentage and hydrogen reduction rates 

 

 

 4. Conclusion 
 

This study proposed and analyzed new structures of a passive auto catalytic 

recombiner (PAR). 

The multistep catalyst, separated into preparation of multi parts and mixing spaces 

in between steps, was proposed in the study. The gas heated at first step is mixed 

with ambient gas which leads to low temperature in the spaces, then the low 

temperature gas enters next catalyst. Therefore, the temperature is rapidly reduced 

with each steps. This temperature drop will prevent the spontaneous combustion 

from PAR. 

Hexagon shape has superior performance on the spontaneous ignition and 

reduction rate over the other two shapes. 
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The above results show that the multistep catalyst with hexagon shape structure 

will increase the efficiency to reduce the hydrogen explosion risk caused by the 

spontaneous ignition. 
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