
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Analysis of Fukushima Daiichi unit 4 spent fuel
pool using MELCOR
To cite this article: M. D’Onorio et al 2022 J. Phys.: Conf. Ser. 2177 012020

 

View the article online for updates and enhancements.

You may also like
Water evaporation rate of RSG-GAS spent
fuel storage pool
Titik Sundari, Mukhsinun Hadi Kusuma,
Budiyono et al.

-

Spent fuel inventories calculation of G.A.
Siwabessy Research Reactor 15 MW
P A Artiani, Cahyana, Dwi Haryanto et al.

-

Entry into force of the Joint Convention on
the Safety of Spent Fuel Management and
on the Safety of Radioactive Waste
Management
Geoffrey Webb

-

This content was downloaded from IP address 5.88.237.231 on 16/06/2022 at 15:16

https://doi.org/10.1088/1742-6596/2177/1/012020
https://iopscience.iop.org/article/10.1088/1742-6596/1198/2/022009
https://iopscience.iop.org/article/10.1088/1742-6596/1198/2/022009
https://iopscience.iop.org/article/10.1088/1755-1315/1017/1/012015
https://iopscience.iop.org/article/10.1088/1755-1315/1017/1/012015
https://iopscience.iop.org/article/10.1088/0952-4746/22/1/606
https://iopscience.iop.org/article/10.1088/0952-4746/22/1/606
https://iopscience.iop.org/article/10.1088/0952-4746/22/1/606
https://iopscience.iop.org/article/10.1088/0952-4746/22/1/606
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsumFwGtEmj3liFVRHzRQ-rffuS34oUcGKMlTnrOmlISk_uAAsqQY1qqMZKMwOVgq9BprLzCpWkf3uveKnDsriEzhIkzacu3DrqeunbjSGG_rmjPtQO4RxOPPKkt2xebnOE4VC70QPkHPW1FEbAivab6HkqmwRlufuDBUciFqH7v8iNjM_M9K87K2ocKheG6keODTun-63cgkrspbCcn1YqpYbixtXXXnEkHClCDrykboL8ouiDVZd_YqDORdTl7GNh7bqvte4OZZIqaNDqrWPlF1DQwOijnTf0&sig=Cg0ArKJSzMQyW5K0EPv-&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/individual-membership%3Futm_source%3DIOP%26utm_medium%3D1640x440%26utm_campaign%3D2022Membership%23community


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

38th UIT Heat Transfer International Conference (UIT 2021)
Journal of Physics: Conference Series 2177 (2022) 012020

IOP Publishing
doi:10.1088/1742-6596/2177/1/012020

1

 
 
 
 
 
 

 
 
 
Analysis of Fukushima Daiichi unit 4 spent fuel pool 
using MELCOR 
M. D’Onorio, A. Maggiacomo, F. Giannetti, G. Caruso 
Sapienza University of Rome, DIAEE, Corso Vittorio Emanuele II, 244, 00186 Rome, 
Italy 

matteo.donorio@uniroma1.it 

Abstract. A spent fuel pool is a temporary storage facility designed to store the nuclear fuel 
assemblies removed from the reactor core. Here, the depleted fuel is vertically arranged in 
racks structures, accurately spaced to ensure subcriticality safety margins. Until the events 
occurred at the Fukushima Daiichi power plants, severe accidents in spent fuel pools had never 
been considered as a major safety concern, mainly because of their slow progression. However, 
extremely unlikely accident events, aggravated by the loss of site power, highlighted the 
vulnerability of nuclear fuel stored within spent fuel pools. During these accident sequences, 
reactor fuel rods can generate enough decay heat to vaporize the coolant around them, causing, 
during unmitigated scenarios, the uncovering and melting of fuel bundles after several days. In 
past years, new features have been introduced in the MELCOR code for the evaluation of 
potential risks associated to accident progression in spent fuel pools. In this paper, the 
accidental sequence of a loss of cooling accident in a boiling water reactor spent fuel pool is 
analysed with version 2.2 of the MELCOR code. The spent fuel pool of the Fukushima Daiichi 
unit 4 has been selected as reference. Main accident events, such as fuel uncovering, claddings 
oxidation, hydrogen generation, and fission products release, have been analysed assuming the 
unavailability of safety systems. 

1.  Introduction 
In nuclear power plants, during fuel replacement operations, the Fuel Assemblies (FAs) containing 

exhausted fuel are moved from the reactor core into a suitable storage facility known as Spent Fuel 
Pool (SFP). Such storage pools are also used to segregate fresh fuel assemblies before being moved 
into the core. Both irradiated and fresh fuel bundles are sorted in submerged steel racks to provide 
radiological protection from ionising radiations.  

Spent fuel pools are equipped with auxiliary systems for the immediate cooling of the fuel rods. 
During normal operation, such cooling systems circulate subcooled water among the SFP racks 
ensuring the decay heat removal from depleted assemblies. However, if the main function of these 
systems is lost for a long time, fuel rods can generate enough decay heat to cause SFP’s water 
evaporation and subsequent fuel assemblies uncovering and melting [1]. 

Prior to the event at the Fukushima Daiichi nuclear power plant, severe accidents in the spent fuel 
pool have never been considered a safety concern since their progression is slow enough to let 
operators begin mitigative actions. However, accident scenarios characterized by long-term loss of site 
power, such as the Fukushima one, highlighted a possible vulnerability of the nuclear fuel stored 
within SFPs.  

After this accident which occurred in March 2011, international benchmark exercises were carried 
out to simulate the accident sequence and its consequences. Among them, one of the most important 
was in the framework of the NUGENIA+ project, carried out in 2015, in which participants 
investigated the Fukushima Daiichi occurrence of events by using different severe accident codes [2]. 
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For the scope of this simulation, it has been decided to use the last available version of the MELCOR 
code, also focusing on phenomena related to radionuclide releases from fuel assemblies, which were 
not considered in the previous benchmark studies.  

MELCOR is a computer code developed by SANDIA National Laboratories (SNL) for the US 
Nuclear Regulatory Commission (NRC) to simulate transients and the progression of severe accidents 
in nuclear power plants. MELCOR code comprises several major packages that let the user model the 
main systems of a reactor plant and the main phenomena occurring during a severe accident (e.g., 
zircalloy and steel oxidation, fuel degradation, core melting, and radionuclides release, transport, and 
deposition). These major packages include, for example, the CVH and the FL packages, which 
simulate the thermal hydraulics of the system; the COR package, which simulates the behaviour of 
structures and fuel inside the core; and the RN package, which simulates release, mobilization, and 
relocation of radionuclides.  

Version 2.2.18019 of MELCOR has been used for this calculation [3][4]. The analysis of the 
progression and radionuclide release of the accident scenario is based on the layout of Fukushima 
Daiichi unit 4 SFP. The aim of this paper is to simulate a base case accident scenario to be used for 
futures uncertainty quantification analyses that will be carried out by Sapienza in the framework of the 
European H2020 MUSA Project [5]. 

2.  Spent Fuel Pool modelling using MELCOR 
According to TEPCO data [5], Fukushima Daiichi unit 4 Spent Fuel Pool is a rectangular pool of 

dimensions 12.2 × 9.9 × 11.8 m, located in the upper part of a Mark I reactor building with a free 
volume of 25800 m3 [6]. During normal operation, the water level inside the SFP is 11.5 m. When the 
Fukushima accident occurred, inside the SFP of unit 4 reactor, there were 1535 fuel assemblies 
divided into hot (548 FAs), cold (783 FAs), and fresh fuel (204 FAs) [2]. As shown in Figure 1, the 
fuel assemblies were stored in 53 different racks, with the average assembly decay heat pattern. 

 

 
Figure 1 - Layout of spent fuel assemblies in the Fukushima unit 4 plant [2] 
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The dimensional data used for this analysis are referred to the BWR STEP3 fuel assembly. Each 
fuel assembly is composed by 72 fuel rods in a 9x9 geometry and by a central water channel. Fuel 
bundles are encased in a channel box. There are also seven spacers between the rods in order to keep a 
constant distance between them. The fuel assemblies are stored inside rectangular racks, and each rack 
contains 30 FAs in a 3x10 geometry for a total of 53 racks. The steel walls of the racks are double 
walls with some space for water flow between them. The racks are also composed of 8 legs that keep 
the rack suspended into water to allow natural circulation and a baffle plate to sustain the fuel rods 
with holes to allow water flow [2]. 

Since the MELCOR COR package modelling is based on a cylindrical geometry, the fuel 
assemblies contained in the SFP have been modelled using concentric rings. As shown in Figure 3, the 
SFP is divided into 3 radial rings and 13 axial levels. The total number of core cells is 39. Hot fuel 
assemblies have been modelled in the central radial ring, which is surrounded by a second ring 
modelling cold FAs, and by a third ring modelling fresh FAs. With respect to the axial position of the 
rods, the active fuel is 3.71 m long, starting from a height of 0.3689 m to 4.0789 m. Fuel assemblies in 
each ring are surrounded by the stainless steel of the racks and by the water of the pool. All the masses 
for stainless steel, Zircalloy and fuel are evaluated from available TEPCO data.  

Considering the low heat flux and the large amount of water, a detailed nodalization that considers 
each fuel assemblies' correct position is not required for our simulation purposes. Moreover, as a 
conservative assumption, the hot FAs are placed in the central ring of the COR model.  

The cells modelled in the COR package are coupled with hydrodynamic package control volumes. 
In particular, COR cells containing nuclear fuel are coupled two by two with a control volume. In 
Figure 2, the thermal-hydraulic nodalization developed for this simulation is shown. It is based on the 
modelling of 26 control volumes and 49 flow paths. Each core channel (1 for each COR radial ring), 
modelling the fluid region inside the canister, has been axially split into 6 different control volumes. 
The three associated bypass control volumes, modelling the interstitial space between the channel box 
and the rack cell walls, have been simulated with three different control volumes (CV210, CV220, 
CV230 in Figure 2). The flow blockage model is activated for each core channel flow path. 

Moreover, logically controlled flow paths connecting channels and bypass CVs are opened if the 
canister wall fails. The remaining water inside the pool is modeled with two large control volumes, 
one surrounding the core and one representing the upper part of the pool. Two time-independent 
control volumes have been used to model the reactor containment and the environment.  
 

 
 

Figure 2. Fukushima Unit 4 SFP - Thermal-Hydraulic model Figure 3. Axial COR nodalization 
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Structures surrounding the SFP have been modelled with 4 different 2-layer HSs composed of a 
steel liner of 0.635 cm and a 2 m thick layer of concrete. As a conservative assumption, to consider the 
pool as an adiabatic system, no heat exchange between the reactor building and the SFP wall 
structures has been assumed. 

With the use of two different packages, namely the DCH (decay heat) and the RN (radionuclides) 
packages, MELCOR allows the user to input the decay heat power and the masses of radionuclides by 
defining radionuclide classes. MELCOR divides radionuclides in 17 chemical classes, indicating them 
with the most relevant element of the class itself. Through the DCH package, the user can define a 
decay power for each of these classes. Moreover, with the RN package, the user can define more 
specifics about radionuclides, and it is possible to define for each core cell the exact mass of present 
radionuclides for class. For the current analysis, radionuclides mass inventory calculated by ENEA 
and reported in [7] has been considered. Summing all the isotopes present for each class, an initial 
decay heat and radionuclides inventory have been calculated for both hot and cold fuel assemblies. As 
a conservative assumption, any radionuclide and decay power has been assumed for the third ring, 
containing only fresh fuel. The radionuclides masses for each class have been uniformly divided for 
the 8 cells (from axial level 4 to 11) containing active fuel, assuming a uniform distribution inside the 
rings. 

The decay power for the 40 most relevant radionuclides is given in [7] in terms of kW/FA both for 
hot and cold fuel assemblies. By multiplying the given decay power for the FAs present in rings 1 and 
2, a total decay power of 2.4 MW has been obtained. This has been divided into 1.9 MW and 0.5 MW 
for hot (ring 1) and cold (ring 2) fuel assemblies. As a conservative assumption, the decay power has 
been assumed to be constant throughout all the simulation time. The card for the combination of 
Iodine has been activated to simulate the formation of CsI and CsM in class 16 and 17, respectively.  

3.  Accident scenario and assumption 
The postulated initiating event for the accident scenario is a loss of cooling accident occurring 

together with a total station blackout. The analysis has been performed assuming the unavailability of 
all emergency and mitigation systems. Because of the relatively low amount of decay power and the 
large water inventory, SFP postulated accident progression would result in a large time-consuming 
process. The accident sequence is assumed to start when the water level is just above the racks, in 
order to reduce the simulation time. For this initial condition, the total mass of water in the spent fuel 
pool has been evaluated to be 450 t (instead of the 1320 t of the full pool). A preliminary analysis 
highlighted that around 10 days are needed to reach this initial condition. Thus, for all the results 
described in the next session, it should be considered that for a complete accident sequence, including 
water evaporation from the top of SFP to rack levels, the beginning of simulation corresponds to 10 
days. Since the top of the unit 4 reactor building of the Fukushima Daichi NPP was damaged by the 
hydrogen explosion, occurred around four days after the reactor SCRAM, its effect on mitigating 
radiological releases can be, conservatively, not considered. 

4.  Results 
The predicted collapsed water level of the pool after the loss of cooling is shown in Figure 4. Since 

the initial bulk temperature of water has been set to saturation conditions, the water level decreases 
quite fast. The uncover of fuel starts after around 24 hours, reaching the end of active fuel after 6.6 
days and the dry-out after around 9 days.  
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Figure 4. Water level 

With the ongoing water level decrease and the consequent fuel uncovery, temperatures of core 
components start to increase. Figure 5 and Figure 6 illustrate the predicted cladding temperature and 
stainless-steel rack temperature at various axial levels for the central COR ring, respectively. The 
temperature of top-level cladding elements at the uppermost axial level begins to heat-up after around 
36 h, when the active fuel is fully uncovered. The ability to remove decay heat generated by the spent 
fuel is reduced as the water level continuously drops, especially when most of the active fuels are 
exposed to air without any emergency mitigation available. From both Figure 5 and Figure 6, it is also 
possible to study the failure sequence and cladding, and rack supporting structure. The top-axial level 
rack cell failure occurs at 4.62 days when the temperature of the rack is 1700 K. Fuel clad failure 
occurs after around 6.8 days when a temperature of 2500 K is reached. The MELCOR interactive 
(INT) model was activated to simulate the eutectic temperature of the ZrO2–UO2 binary mixture. Two 
unique materials were introduced, UO2-INT and ZRO2-INT, with a eutectic temperature of 2500 K, 
as suggested by the Phébus experiment [8]. 
 

  
Figure 5. Fuel clad temperature in ring-1 for 

different axial levels 
Figure 6. SFP rack temperature in ring-1 for 
different axial levels 

The heat-up of cladding and stainless-steel structures led to the onset of oxidation reaction with 
steam. Zircalloy oxidation begins after a couple of days, while stainless-steel oxidation after around 4 
days. In Figure 7, the waveform of oxide production is shown. After 9 days, the oxide masses are 
almost constant, reaching 28000 kg for ZrO2 and 26000 kg for SSOx. At the end of the simulation, 
around 16.0 % of Zr, and 13.7 % of SS, were oxidized, respectively. A large quantity of hydrogen gas 
will be generated as a product of the chemical reaction. As shown in Figure 8, hydrogen production 
follows the same trend of oxidation. At the same time, the hydrogen production is almost finished due 
to the complete evaporation of initial water, and the mass of hydrogen remains relatively constant at 
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1730 kg. In these conditions, it is possible to see that the progression of the accident is quite slow and 
let the operators have enough time to do mitigative actions. Hydrogen production results are in good 
agreement with the one obtained in past analyses related to loss of cooling accidents in SFP 
[9][10][11]. 
 

  
Figure 7. Zirconium and SS oxides production 

predicted by MELCOR 
Figure 8. Mass of Hydrogen produced by 
oxidation reactions 

When the cladding temperature reaches the oxidation temperature threshold (set to 600 K [12][13]) in 
the MELCOR oxidation model, the oxidation reaction in the presence of steam produces a strongly 
exothermic reaction that accelerates the rising of the cladding temperature. The oxidation heat 
generation rate in the spent fuel pool is shown in Figure 9. The heat generated is in good agreement 
with data obtained in the OECD/NEA Sandia Fuel Project program, conducted to study thermal-
hydraulics and fire characteristics of spent fuel assemblies [14]. 
 

 
Figure 9. Oxidation heat generation rate 

 
The volume fraction of damaged FAs is shown in Figure 10. The damage reaches 87 % since the third 
ring, not containing radionuclides and decay power, remains intact. Fuel rod collapse can occur 
through various means: loss of global support or local temperature exceeding the default temperature-
based failure criterion. In the present simulation, rack baseplate failure occurs in radial rings 1 and 2. 
As shown in Figure 10, the ring 1 rack baseplate fails after around 6.3 days; before, the collapsed FAs 
are at axial levels 9 to 11. The rack baseplate of ring 2 fails after around 8.6 days, causing the failure 
of the cold fuel assemblies also if the threshold temperature of 2500 K is not reached in any axial node 
of ring two. 
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Figure 10. Core degradation fraction predicted by MELCOR 

As degradation of core continues, radioactive fission gases contained in fuel assemblies are 
released and moved toward SPF and reactor building volumes. Source term estimation often focuses 
on the more volatile radionuclides such as caesium, iodine, and noble gases. Noble gasses are 
chemically not reactive and can contribute to the radiological doses by external exposure, generally 
with a small contribution on the total absorbed dose. Iodine and Caesium are volatile and chemically 
reactive elements and can contribute to internal exposure. Iodine may be present as the very 
hygroscopic molecules of Caesium Iodide (CsI), dangerous for its high solubility in water. Moreover, 
the Phebus FP program [8] indicated that Caesium-Molybdate (Cs2MoO4) is the dominant chemical 
form of the released Caesium, also if it is less volatile than CsOH and CsI. Analyzing MELCOR 
classes' contributions to released radionuclides, the most significant mass inventory is the chalcogens 
mass (including radioactive Tellurium), with about 16000 kg (Figure 11). Other relevant radiological 
MELCOR classes, shown in Figure 12, are: class 1 (grouping noble gases) with 933 kg; class 2 
(containing alkali metals, such as CsOH) with 554 kg; class 16 (CsI) and class 17 (Caesium-
Molybdate) with 83 kg and 20 kg, respectively.  
 

  
Figure 11. Mass of Chalcogens (Te) released 
from FAs predicted by MELCOR 

Figure 12. Mass of radionuclides released from 
FAs predicted by MELCOR 

In Table 1, the comparison between initial and released mass is reported for the most relevant 
classes. Other classes have not been reported since radionuclides masses are very low (<5 kg) with 
respect to the ones shown in Table 1. As a final investigation, the release in different volumes was 
analyzed. Almost the totality of released radionuclides from the fuel assemblies has been deposited on 
the metal structures inside the pool and on the concrete structures of the pool. The released fraction 
outside the SFP is reported in Table 1. 
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Table 1. Radionuclides masses 
Class Initial 

masses 
Mass released 

from FAs 
Release fraction 

from FAs 
Mass released 

outside the pool 
Release fraction 
outside the pool 

Class 1 1493.9 kg 933.15 kg 62.5% 871.27 kg 58.32% 
Class 2 822.326 kg 554.47 kg 66.2% 66.24 kg 8.05% 
Class 5 35018.0 kg 16094.3 kg 46% 1796. kg 5.12% 

5.  Conclusions 
In the present work, the spent fuel pool of Fukushima Daiichi unit 4 has been modelled with 

MELCOR 2.2.18019 to evaluate the consequences of a loss of cooling accident in terms of fuel 
degradation and radionuclides release. Main results of the severe accident progression include fuel 
degradation, clad and racks structures heat-up and failure, hydrogen generation and radionuclide 
release. In particular, the large amount of water leads to the formation and production of large amounts 
of oxides and hydrogen. The studied accident, even starting from very conservative conditions such as 
the water in saturated conditions, let however a long time for mitigative actions to prevent fuel 
uncover and consequent overheating of the fuel rods since the progression of accident events is quite 
slow.  

Release of radionuclides from cladding begins about 4 days after the initiating event and it strongly 
follows the progression of core damage and the ongoing oxidation. It was also shown that, in the long-
term scenario, almost the whole core fails except for the ring containing fresh fuel that, having no 
decay power, does not heat up as fast as the other two rings. The failing of the core leads to the 
production of debris, but there is no damage to the pool walls, so the only concern for radionuclide 
release is the atmospheric one that is anyway a low part of radionuclides initial mass.  

The analyses highlighted as the MELCOR could provide a valuable means for characterizing the 
consequences of severe accidents in spent fuel pools. However, as there are no corresponding 
experimental results, the validity of the simulation results cannot be assessed in detail, and uncertainty 
analyses are needed. As future work, this MELCOR model, developed in the framework of the MUSA 
project [5], will be used to perform sensitivity and uncertainty analyses to better explore the variability 
in the potential responses of SFPs systems undergoing severe accident conditions. 
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