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After Fukushima accident, the safety analysis of Spent Fuel Pool (SFP) became one of the safety 

concerns in Taiwan. Thus, the severe accident code MELCOR2.2 was used in this study for both the 

case of Station Blackout (SBO) and mitigation strategy. In addition, MELCOR was combined with 

Symbolic Nuclear Analysis Package (SNAP). In this combination, MELCOR was used with a 

graphical user interface (GUI) that users can easily modify any detail of the model. 

There were several steps in this study. First, the model establishment of Maanshan NPP SFP was 

done by MELCOR2.2. Second, the simulation of losing all water injection was performed. The results 

showed that the water level dropped to Top of Active Fuel (TAF) at 3.5 days. Third, the mitigation 

strategy of water injection was simulated by MELCOR2.2. The water injection could cause the fuel 

temperature rise rapidly due to the oxidation heat generated by the Zirconium-water reaction. Also, the 

hydrogen issue comes out during the water injection. So, the water injection started when cladding 

temperature reached 1200K, 1400K, 1500K, 1600K, 1700K and 1800K for simulating the different 

oxidation response during the mitigation strategy. The results showed that the oxidation heat increased 

rapidly after 1500K and the water injection of 200GPM cannot stop the oxidation immediately. Finally, 

the oxidation calculations of MELCOR was discussed in detail and combined with the improvement of 

SFP mitigation strategy. 
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1.  INTRODUCTION 
 

The safety analysis of the nuclear power plant (NPP) is an important work in NPP safety. Especially 

after Fukushima Daiichi event, the safety analysis of Spent Fuel Pool (SFP) became one of the safety 

concerns in Taiwan. 

In previous works, the SFP safety analyses of Kuosheng and Chinshan Nuclear Power Plant (NPP) 

were done by TRACE code [1][2]. TRACE is a thermal-hydraulic code developed by U.S.NRC. By 

the calculation of TRACE, the water level and cladding temperature can be shown in an accident 

transient of SFP. But for the late stage quenching of the SFP mitigation strategy, water injection may 

cause extra oxidation heat in the SFP which generated by the Zirconium-water reaction. Therefore, the 

severe accident code MELCOR2.2 was used in this study to simulate both the case of Station Blackout 

and mitigation strategy water injection. 

MELCOR is a code developed by Sandia National Lab and it can calculate the severe accident 

phenomena such as core relocation, hydrogen generation, hydrogen deflagration, and detonation, etc. 

The SFP model was built in the MELCOR code this years for the increasing demand of SFP safety 

analysis. The latest version MELCOR2.2 was used and combined with Symbolic Nuclear Analysis 

Package (SNAP).  With this combination, MELCOR was used with a graphical user interface (GUI) 

that users can easily modify any detail of the model. 

There were several steps in this study. First, the model establishment of Maanshan NPP SFP was done 

by MELCOR. The geometric data and thermal power of Maanshan NPP SFP were collected from the 

training material of Taiwan Power Company [3][4]. Second, an accident of losing all water injection 
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was performed by MELCOR2.2/SNAP. This model was used to calculate a SBO accident and 

compared to the thermal-hydraulic code TRACE in previous work [5]. Third, the water injection  

referenced by NEI06-12 could cause the fuel temperature rise rapidly due to the oxidation heat 

generated by the Zirconium-water reaction. Also, the hydrogen issue comes out during the water 

injection.  

According to some other relative study [6], there is a significant oxidation heat results in locally 

elevated temperature at higher temperatures. Therefore, the water injection started when cladding 

temperature reached 1200K, 1400K, 1500K, 1600K, 1700K and 1800K for simulating the different 

oxidation response during the mitigation strategy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Flow chart of the SFP analysis 

 

2.  MODEL DISCRIPTION 
 

The code versions used in this research were SNAP 2.5.1 and MELCOR2.2. The fuel assemblies were 

separated into several rings for simulating the different location and decay heat by “COR” package 

inside the SFP. The size of Maanshan NPP SFP was 16.56 m * 8.73 m and water level was 13.77 m 

initially. The initial condition of water temperature was 311K and the pressure was 1.013*105 Pa. The 

total power of the fuels was roughly 10.5411 MWt initially. 

Figure 2 shows the MELCOR model of Maanshan NPP SFP in this study. It shows the fuel of SFP 

which separated into three regions (A, B and C). The three regions was indicated the three rings in the 

COR package of MELCOR. The SFP was assume to be “Full-core off-load” situation which means all 

the latest operating fuels were put into the SFP to simulate the most conservative situation. It was 

totally 1409 fuel bundles in Maanshan NPP SFP. In region A, the thermal power of the 157 fuel 

bundles which were unloaded from latest-core was 8.5356 MWt. The other 1252 fuel bundles were put 

into region B and region C. The power distribution of each part was shown in Figure 3. 

Figure 4 and Figure 5 show the decay heat and power shape settings of MELCOR model [7][8]. With 

this settings, this MELCOR model could calculate the SFP transient in the case of SBO and mitigation 

strategy. 
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Fig 2. MELCOR2.2/SNAP model of Maanshan SFP 

 

 

 
MELCOR area Power fraction (%) Thermal power (MWt) 

A 80.9 8.5356 

B 3.82 0.4011 

C 15.28 1.6044 

 

Fig. 3. Power distribution of Maanshan NPP SFP  

 

A     B         C 
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Fig. 4. Power shape used in MELCOR 

 

 

  
Fig. 5. Decay heat used in MELCOR 

3.  RESULTS 

 

3.1.  Fukushima-like condition (SBO) 

 

In this case, all water injection of Maanshan NPP SFP was set to be failed. The pool water level kept 

going down due to the evaporation caused by the decay heat. The cladding temperature rose over 

1088.7K and may cause the release of radiation nuclides inside the fuel cladding when the water level 

drops below Top of Active fuel (TAF), 5.815m.  

Figure 6 and Figure 7 show the results of MELCOR2.2 and TRACE. The simulation started at 0 sec 

with initial water level 13.77m,. Figure 6 is the result of the water level. MELCOR2.2 and TRACE 

show almost the same result before the water level reached TAF. The water level dropped to TAF at 

about 3.5 days and the cladding temperature went up because of fuel uncover. However, the water 

level went down more rapidly in MELCOR than TRACE after fuel uncovered since water-zirconium 

reaction occurred. The oxidation heat of this chemical reaction was ten times more than the decay heat 

of the spent fuel. These result show the thermal-hydraulic calculation of MELCOR in the early 

accident time, which fit the thermal-hydraulic code well. 
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Figure 7 is the comparison of the peak cladding temperature between MELCOR and TRACE. The 

result of TRACE shows that the temperature reached 1088.7K at 4.3 days and MELCOR is around 4 

days. Because of the oxidation heat, the cladding temperature of MELCOR rose more rapidly. And the 

irregularity of the curve in MELCOR means the zirconium fire happened when the temperature kept 

rising.  

The result shows that the fuel uncover happened at 3.5 days with both MELCOR and TRACE 

calculations, which means there may be 3.5 days for preparing the extra water source in a SFP 

accident.  

 
Fig. 6. Water level results of MELCOR and TRACE 

 

 

 
Fig. 7. Peak cladding temperature results of MELCOR and TRACE 

 

 

 

3.2.  Mitigation Strategy 

 

After the simulation of SBO, the results give that a mitigation strategy which started before 3.5days 

can keep SFP in a safe situation. The following research tried to find out the phenomenon may happen 

after 3.5days. In this study, the water injection was assumed to be 200GPM (12.61 kg/s) with 

homogeneous water injection. It was the lowest water flow rate of the NEI06-12 suggestion for a SFP 
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accident. There were six cases in this study. The water injection started when the cladding temperature 

rose to 1200K, 1400K, 1500K, 1600K, 1700K, and 1800K.  

Figure 8 is the water level results of this sensitivity study. After temperature was higher than 1600K, 

the water injection started at almost the same time because of the rapidly temperature rising. Figure 6 

also shows that a 200GPM water injection could make the water level back to TAF even the 

temperature reached 1800K.  

Figure 9 shows the cladding temperature and Figure 10 shows oxidation heat generated during the 

quenching. The water injection in a higher fuel temperature could cause more oxidation heat because 

of the Zirconium-water reaction. First peak of each curve was cause by oxidation heat because of 

water injection. The results of the water injection started at 1200K, 1400K and 1500K were simple 

that the temperature rose to the setting point and be cooled down shortly. However, in the cases that 

water injection started at over 1600K, there were more than one peak which was higher than the first 

one. The reason of this phenomenon was that the water caused the zirconium reaction more severe and 

generated more oxidation heat when the water injected into the pool. The zirconium-water calculation 

of MELCOR2.2 was shown in equation (1) and (2). It was called “Breakaway oxidation” [9] that the 

oxidation rate may speed up and make the zirconium fire happen when temperature was higher than 

1853K. The unstable concussion curves that the temperature is higher than 1600K in Figure 9 and 

Figure 10 show that the zirconium fire occurred. Therefore, the water caused extra oxidation heat in 

this case that water injection started when the temperature reached 1600K. This sensitivity study made 

a conclusion that water injection should start before the cladding temperature was over 1500K which 

was around 4.3days to prevent the severe accident from making more hydrogen generation and more 

oxidation heat. 

 

 
Fig. 8. Water level results of sensitivity study 

 



Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, CA 

 
Fig. 7. Peak cladding temperature results of sensitivity study 

 

 

 
Fig. 8. Oxidation heat results of sensitivity study 

 

 

𝐊(𝐓) = 𝟐𝟗. 𝟔 𝐞𝐱𝐩 (
−𝟏𝟔𝟖𝟐𝟎.𝟎

𝑻
) 𝐟𝐨𝐫 𝐓 < 𝟏𝟖𝟓𝟑. 𝟎 𝐊                     (1) 

 

𝐊(𝐓) = 𝟖𝟕. 𝟗 𝐞𝐱𝐩 (
−𝟏𝟔𝟔𝟏𝟎.𝟎

𝑻
) 𝐟𝐨𝐫 𝐓 ≥ 𝟏𝟖𝟓𝟑. 𝟎 𝐊                     (2) 
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4.  CONCLUSION 

 

By the calculation of MELCOR2.2/SNAP, this study makes some conclusion. First, this study 

successfully established the MELCOR2.2/SNAP model of Maanshan NPP SFP. Second, the analysis 

of MELCOR and TRACE were similar in the case of SBO It indicated that there was a respectable 

accuracy in MELCOR2.2/SNAP model. Third, the water level dropped to TAF in 3.5days and the 

cladding temperature reach 1088.7K at 4days in the case of SBO. So, it gave at least a four days safety 

margin for preparing extra water source in a SFP accident. Forth, the mitigation strategy analysis 

shows that a 200GPM water injection can bring back the water level of SFP no matter when the water 

injection started. But, the result of cladding temperature shows that if the water injection started after 

the temperature was higher than 1500K, the situation could be more severe because of oxidation heat 

and zirconium fire. It is the best way to start the water injection before 3.5days. However, if the extra 

water cannot be prepared before 3.5 days, the water injection must start before 4.3days to prevent he 

severe accident from making more hydrogen generation and more oxidation heat. 
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