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Abstract
After the accident at the Fukushima Daiichi NPP, the attention of the scientific community is riveted on how the conse-
quences are being eliminated. Removing corium – a lava-like resolidified mixture of nuclear fuel with other structural 
elements of the reactor – remains the most difficult task, the solution of which can take several decades. It is extremely 
important to exclude the occurrence of any emergency processes during the removal of corium. The purpose of this 
work was to solve a coordinated hydrodynamic and neutronic problem characterized by a large number of randomly 
oriented and irregularly located corium particles in water as part of the development of a benchmark for this class of 
problems. Monte Carlo-based precision codes were used to perform a neutronic analysis. The positions of corium par-
ticles were determined from the numerical simulation results. The analysis results obtained using the codes involved 
showed good agreement for all the states considered. It was shown that the modern neutronic codes based on the Monte 
Carlo method successfully cope with the geometric formation and solution of the problem with a nontrivial distribution 
of corium particles in water. The results of the study can be used to justify the safety of corium handling procedures, 
including its extraction from a damaged power unit.
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Introduction
The Fukushima Daiichi nuclear disaster (11 March 2011) 
received the Level 7 (Major Accident) on the Internatio-
nal Nuclear Event Scale. As a result of the accident, the 
core melted and to form corium. Corium is a lava-like 
alloy of the contents of a nuclear reactor, consisting of 
a mixture of nuclear fuel with concrete, metal structural 
elements and other things, which is formed as a result of 
the melting of the core and the reactor vessel. In order to 
ensure safety during the elimination of the consequences 
of the accident at the Fukushima I NPP, it is important to 
prevent a possible emergency during the planned removal 
of the solidified corium.

In 2018, Tokyo Electric Power Company (TEPCO) 
published photographs of the pedestal bottom of Fuku-
shima I-2 showing objects that look like stones, which 
may be fuel fragments (Robot 2020). The detected ob-
jects have different sizes and structures. According to 
the IRID (International Research Institute for Nuclear 
Decommissioning) plan, large corium pieces will be 
broken into small pieces prior to their removal. Small 
corium particles will be removed from the pedestal for 
further storage in containers. The corium is currently 
being cooled with water. When corium is extracted, the 
ratio of solidified nuclear fuel to water can change. If, 
in the course of the work performed, as a result of ran-
dom events, solidified corium finds its way into water, 
then it will approach to or may achieve re-criticality. The 
purpose of our work was to conduct a high-precision as-
sessment of the criticality of solidified corium in some 
realistically possible states to justify nuclear safety.

The paper presents the results of the first stage of a 
joint Russian-Japanese study on the neutronic properties 
of systems with corium particles in water. At the next 
stages, it is planned to consider systems with an external 
neutron source and critical systems with a large number 
of corium particles in water.

Determining the corium isotopic 
composition

When developing possible scenarios for the occurrence 
of critical states of a water-corium mixture, it is neces-
sary to take into account a number of uncertainties. A 
criticality analysis of solidified corium requires data on 
the history of the reactor operation prior to the accident, 
the fuel isotopic composition of different types of fuel 
assemblies at the time of the accident, the reactor design 
features, and the course of the accident. When assessing 
the state of irradiated fuel at the time of the accident, it 
is possible to use the approaches described in (Baranov 
et al. 2008, Kryuchkov et al. 2004). All the reactors at 
the Fukushima I NPP are boiling water reactors (BWR), 
which is the second most common type of electricity-ge-

nerating nuclear reactors after the pressurized water re-
actors (PWR). The reactors are of the direct-cycle type, 
i.e. steam generation in them occurs directly in the core 
itself. Demineralized water is used as a coolant and neu-
tron moderator – it is in the reactor core at a pressure 
of about 7.6 MPa. At this pressure, the cooling water 
boils in the core at a temperature of 285 °C. When mode-
ling the fuel composition in the corium, one has to take 
into account the significant unevenness of fuel burnup 
along the height of the fuel assemblies associated with 
the reactor design (Albrek et al. 2018, Hashlamoun et al. 
2019). The most detailed descriptions of the design and 
isotopic composition of the fuel assemblies at the Fu-
kushima I NPP are presented in the OECD/NEA bench-
mark (Burnup Credit 2012).

It should be especially noted that at the moment not 
only the composition of the fuel melt and structural 
materials is unknown, but also its distribution over the 
reactor room (Darnowski et al. 2016). Therefore, the 
development of a melt model is greatly complicated by 
its verification based on experimental data. Studies car-
ried out at the Fukushima I-1 show that almost all of 
the corium is located in the sub-reactor room (List of 
Documents 2012), and only a small part of it remains 
inside the reactor shell and a part is inside the contain-
ment. All the structural materials of the core were melt-
ed and became part of the corium. This facilitates the 
corium modeling due to the lack of great heterogeneity. 
The homogeneity of the corium composition is an ap-
proximation; however, it allows an analysis based on a 
conservative approach.

The available data make it possible to separate the 
corium models into the corium inside the reactor shell 
and the corium in the sub-reactor room. The emergen-
cy scenario selected for a neutronic analysis is based on 
the results of studies of emergency power units. Inside 
the power units, where the accident occurred, special de-
vices were lowered for visual analysis of what was hap-
pening. However, due to a very high level of radiation 
conditions, limited maneuverability, and inaccessibility 
of space, these devices cannot obtain a complete picture 
of the reactor room being examined. Because of this, 
there are only abrupt data on the real situation inside the 
rooms with the melted fuel and structural materials (Bur-
nup Credit 2015). It is known that different materials, and 
most importantly, their combination, have different melt-
ing points. Attention should also be paid to various states 
of aggregation: melted UO2 is at the top, ZrO2 is slightly 
lower. However, at a temperature of 2600 °C a ceramic 
melt U-Zr-O is formed. At 2400 °C, the melt can con-
tain alpha-Zr(O)-UO2 and monotectic U-UO2. The rods 
of a burnable absorber made of Al2O3 + B4C melt at the 
same temperature (2050 °C), and B4C itself melts at a 
temperature of 2350 °C. A mixture of 70% fresh fuel and 
30% structural materials and concrete can be considered 
a conservative assessment of the corium state in terms of 
the occurrence of criticality.
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Approaches to neutronic modeling 
of systems with corium

Corium re-criticality is the main hazard when handling 
nuclear fuel residues in the damaged units of the Fu-
kushima I NPP. A number of studies are focused on this 
problem and many approaches and software tools have 
been used in the framework of these works.

A group of scientists from the Warsaw University of 
Technology studied the likelihood of re-criticality forma-
tion as a result of flooding Fukushima I-3 (Darnowski et 
al. 2017). Neutronic simulations were performed using 
the SERPENT Monte Carlo code. A three-dimensional 
model of four fuel assemblies was taken as a basis. The 
MELCOR computer code (Fernandez-Moguel and Birch-
ley 2015) was used to simulate the development of an 
accident. Calculations have shown that re-criticality may 
occur even when a small part of the core is flooded and 
with a simultaneous failure of the borated water injection 
and heat removal systems.

Researchers at the University of Stuttgart are currently 
studying the effect of the corium model used in neutron-
ic analysis of corium-water systems on the calculation 
results (Freiría López et al. 2018, 2019). In their works, 
they compare the homogeneous, heterogeneous-network 
and heterogeneous model with a random distribution of 
corium particles with the abstract most reliable compu-
tational model. The scientists varied particle sizes and 
porosity to determine the best model in terms of accu-
racy, structural complexity, and computational capacity 
requirements. In their calculations, the scientists used the 
Monte Carlo-based codes, SERPENT and MCNP, and the 
infinite neutron multiplication factor was the main func-
tional for comparison.

The scientists at the Tokyo Institute of Technology 
(the authors of this article) are modeling dynamic tran-
sients in corium-water systems, including the penetration 
of corium into water during the extraction of radioactive 
particles. In their calculations, the scientists use a self-de-
veloped integral kinetic code, MIK, the accuracy of the 
solutions of which was verified and presented in (Tuya 
and Obara 2018). In 2020, the researchers of the Insti-
tute published a paper with an assessment of the radiation 
doses caused by emergency processes during the corium 
handling procedures (Fukuda et al. 2020).

In addition to the computational methods for determin-
ing the nuclear properties of corium, after the accident at 
the Fukushima I NPP, the number of experimental instal-
lations simulating corium and its interaction with other 
objects has increased. The most interesting and complete 
reviews of this line of research in corium include recent 
articles written by scientists from Japan (Gunji et al. 
2017) and France (Chikhi et al. 2017). In their research 
works, the scientists, using substances that replace cori-
um, studied the interaction of nuclear fuel particles with 
water and structural materials.

Methods and tools
Test problem system

Various situations of the formation of suspended corium 
particles in water are considered. Such situations may oc-
cur, firstly, when a part of the corium inside the reactor 
shell crumbles as a result of its cracking and penetrating 
into the water in the sub-reactor room, which is current-
ly used to cool the corium, and, secondly, during works 
on removing the corium from the sub-reactor room, after 
remote crushing into a form suitable for its removal. The 
situations described have a number of uncertainties in the 
geometry of the corium in water, namely: in the volume 
of the corium, in the size and geometry of the particles, in 
the state of the uranium-water mixture.

This paper presents a system of test problems, which 
includes two scenarios and several states within each of 
them. Scenario 1 is an interpretation of the process of fall-
ing corium particles into water, for example, as a result of 
an accident while the corium was removed from a damaged 
power unit. According to this scenario, 1000 cubic particles 
of corium 1 cm3 in volume fall into the water from State 1 
into State 5 (Fig. 1). In total, Scenario 1 includes five states, 
each of which corresponds to a specific time point in the 
range from 0 to 0.8 s. The volume of the particles and the 
pitch of their placement at the initial moment of time corre-
spond to the maximum value of the multiplication factor of 
the infinite lattice of corium particles in water.

To determine the positions of the particles, a hydrody-
namic numerical simulation was carried out in a CFD code 
based on the moving particle semi-implicit (MPS) meth-
od using Particleworks software (Particleworks Europe 
2020). At the starting point of the calculation, 1000 cubic 
particles with a side of 10 mm each were dropped into a 
cylindrical volume of water with a height of 150 mm. Fur-
ther, the position of each cube was calculated and recorded 
in the output file of the program up to the moment when all 
the cubes descended to the bottom of the cylinder with wa-
ter at a time point of 0.8 seconds. Five states were selected 
for transmission to the neutronic calculation, correspond-
ing to the time points of 0, 0.1, 0.2, 0.4, and 0.8 seconds 
(see Fig. 1). More details about the conditions of hydrody-
namic modeling can be found in (Muramoto et al. 2019).

It should be noted that Scenario 1 is a deeply subcritical 
task, the purpose of which is to study the methods of geomet-
ric formation and solution of such a non-trivial problem by 
codes based on the Monte Carlo method, taking into account 
all the limitations inherent in the subcritical problem.

Scenario 2 has one important difference from Scenario 
1, namely, the corium particles fall not on the concrete 
bottom but on the corium bed (Fig. 2). Thus, the system 
can exhibit inhomogeneity of physical properties and 
inaccessibility of some parts of the system for neutrons 
generated in other parts of the system. This may require 
non-standard approaches when the Monte Carlo method 
is used (Kalugin and Tebin 2015).
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Figure 1. Simulated states of the water-corium system from Scenario 1 of the test problem system.

Figure 2. Schematic representation of the state of the water-co-
rium system with a corium bed from Scenario 2 of the test prob-
lem system.

In our work, only the calculation results for Scenar-
io 1 are presented. The simulation results for Scenario 
2 will be presented in subsequent publications. The test 
problem system is the basis of an international bench-
mark, the publication of which is planned for the final 
part of joint work.

Neutronic codes

Neutronic calculations were carried out by the Russi-
an-Japanese team using the Russian MCU code (Oleynik 
2015), the SERPENT program (Leppänen et al. 2015) de-
veloped at the Technical Research Center of Finland, and 
the Japanese MVP code (MVP/GMVP 2017) developed 
at the Japan Atomic Energy Agency (JAEA). All these 
codes are based on the Monte Carlo method and simulate 
neutron transport.

All calculations were performed using the Evaluated 
Nuclear Data Library ENDF-B/7.0. The number of batch-
es and the number of histories in the batch were chosen 
so that the accuracy of calculations corresponded to the 
standard deviation for Keff < 0.02 %.

Results and discussion

The performed studies have shown good agreement in the 
calculation of the multiplication factor between the SER-
PENT and MVP codes. The maximum deviation between 
SERPENT and MVP of 0.18% corresponds to the state 
with the lowest multiplication factor at a time point of 0.0 
s. The deviations between MCU and the other codes can 
be associated with different approaches when the process 
of neutron thermalization is taken into account.

At this stage, the geometry formation technology was 
tried out and the codes and their constant support were 
cross-verified for a coordinated hydrodynamic and neu-
tronic problem characterized by a large number of arbi-
trarily oriented and irregularly located corium particles. 
To formulate the final version of the benchmark, it is 
proposed to consider two directions of modernization: 
(1) calculations of radiation sources in a problem with 
an external source and (2) selection of the geometry of 
models with a reasonable number of corium particles for 
calculations and a multiplication factor of more than 0.95. 
Such tasks are relevant for assessing the criticality and 
analyzing the radiation situation during the corium han-
dling procedures.
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Conclusion

Justifying nuclear safety, when handling corium, is an 
important and non-trivial task. Such systems with corium 
particles are intrinsically subject to considerable uncertain-
ty. Due to the high level of radiation conditions, currently 
there are only abrupt data on the real situation inside the 
rooms with the melted fuel and structural materials. The-
refore, it is important to choose the correct computational 
model of the corium for a neutronic analysis of the system.

The paper considered situations of placing 1000 cubic 
corium particles in the water of the sub-reactor room. 
Hydrodynamic numerical modeling was carried out in 
relation to the position of the cubes from the moment 
they fell into the water layer until they sank to the con-
crete base. The data obtained were used to generate input 
files for the neutronic analysis codes. Good agreement 
in the results between the codes for all the considered 
states was shown.

The implemented technique for solving a coordinat-
ed hydrodynamic and neutronic problem can be used to 
substantiate the safety of procedures for handling corium, 
including its removal from a damaged power unit. The 
benchmark developed in this work can be used for creat-
ing new software tools.
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