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Abstract

After the Fukushima accident, the interest of the scientific community in severe accident
(SA) research has been renewed. Great efforts are being made internationally to reassess
and strengthen the safety of nuclear power plants. The recriticality potential in debris
beds formed after the core meltdown is one of the SA research issues that needs further
attention, and it is also the focus of this work. An inadvertent criticality event may cause
the release of nuclear radiation and have severe consequences. Thus, the criticality in
debris beds must be evaluated to predict possible risks and establish the appropriate
control measures if necessary.

The available criticality data for debris beds are still very scarce. Thus, the Japan
Atomic Energy Agency has begun the ambitious task of building a criticality map for
debris beds. That is an arduous enterprise, which requires the investigation of appro-
priate debris bed models and numerous computations under a broad range of possible
conditions. A global effort and international cooperation are essential. The present work
aims to contribute to this common endeavor by improving debris bed models, extending
the criticality database, and facilitating future analyses.

Alternatives for modeling the debris bed characteristics with a potential influence
on the criticality are discussed in this thesis, from the most conservative assumptions
to more realistic approaches. Among other things, it was found that debris beds can
be modeled with high accuracy as spheres regularly arranged in a water matrix if an
adequate equivalent diameter deq is chosen. Besides, coupled neutronic-thermohydraulic
calculations were proven to be not necessary for assessing the criticality of Fukushima
debris beds.

This work also investigates the criticality characteristics of UO2-concrete systems.
The calculation results prove the good moderation capacities of concrete, which has a
significant positive reactivity effect at very low porosities. Not only the bound water
is capable of thermalizing neutrons but also the SiO2, a major component of concrete.
Consequently, MCCI products should be treated carefully in the criticality analyses.

A preliminary conservative criticality assessment of Fukushima debris beds has re-
vealed safety parameter ranges, i.e., conditions for which recriticality can be excluded.
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On the one hand, dry debris beds cannot become critical under any conditions due to
the lack of sufficient moderator. On the other hand, debris beds submerged in water
will remain subcritical if the porosity is sufficiently low (< 0.24 for debris beds without
concrete, < 0.1 if concrete is mixed with fuel), the mass is sufficiently small (< 124 kg),
or the cooling water is sufficiently borated (> 2600 ppm B).

Finally, a statistical method is proposed as an alternative and more realistic way to
evaluate the criticality in debris beds. A first exploratory analysis of the debris bed at
Fukushima Unit 1 reveals that the probability of recriticality is extremely low. Addi-
tionally, the sensitivity analysis has concluded that the amount of control rod material
(B4C) mixed with fuel is by far the most relevant parameter. Other parameters with
a strong correlation with keff are the percentage of fuel in the corium, the amount of
debris in particulate form, and the debris bed spreading. Based on them, future areas
of research and improvement are proposed.



Zusammenfassung

Nach dem Unfall von Fukushima wurde das Interesse der wissenschaftlichen Gemein-
schaft an der Forschung zu schweren Unfälle intensiviert. Auf internationaler Ebene
werden diverse Initiativen angestoßen, um die Sicherheit von Kernkraftwerken neu zu
bewerten und zu erhöhen. Das Rekritikalitätspotential in Schüttbetten, die sich nach
einer Kernschmelze gebildet haben, ist eines der Themen der Forschung innerhalb der
schweren Unfälle, das weiterer Aufmerksamkeit bedarf, und welches auch im Mittelpunkt
dieser Arbeit steht. Ein unbeabsichtigtes Kritikalitätsereignis kann zur Freisetzung von
radioaktiven Partikeln und Strahlung führen und schwerwiegende Folgen für die An-
lage haben. Daher muss die Kritikalität in Schüttbetten evaluiert werden, um mögliche
Risiken vorherzusagen und gegebenenfalls die entsprechenden Kontrollmaßnahmen festzule-
gen.

Die verfügbaren Kritikalitätsdaten für Schüttbetten sind immer noch sehr spär-
lich. Daher hat die Japan Atomic Energy Agency mit der ambitionierten Aufgabe
begonnen, eine Kritikalitätskarte für Schüttbetten zu erstellen. Das ist eine mühsame
Aufgabe, die die Untersuchung geeigneter Schüttbettmodelle und zahlreiche Berechnun-
gen unter einem breiten Spektrum möglicher Randbedingungen erfordert. Eine inter-
nationale Zusammenarbeit ist dabei unerlässlich. Die vorliegende Arbeit soll zu diesem
gemeinsamen Unterfangen beitragen, indem sie die Schüttbettmodelle verbessert, die
Kritikalitätsdatenbank erweitert und künftige Analysen erleichtert.

In dieser Arbeit werden Alternativen für die Modellierung der Schüttbettmerkmale
mit einem potenziellen Einfluss auf die Kritikalität diskutiert, von den konservativsten
Annahmen bis hin zu realistischeren Ansätzen. U.a. zeigen die Ergebnisse, dass Schütt-
betten als regelmäßig in einer Wassermatrix angeordnete Kugeln mit guter Genauigkeit
modelliert werden können, wenn ein adäquater äquivalenter Durchmesser deq gewählt
wird. Außerdem erwiesen sich gekoppelte neutronen-thermohydraulische Berechnungen
als nicht notwendig für die Beurteilung der Kritikalität von Fukushima Schüttbetten.

In dieser Arbeit werden auch die Kritikalitätseigenschaften von UO2-Betonsystemen
untersucht. Die Berechnungsergebnisse belegen die guten Moderationsfähigkeiten von
Beton, der bei sehr niedrigen Porositäten einen signifikanten positiven Reaktivitätseffekt
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hat. Nicht nur das gebundene Wasser ist in der Lage, Neutronen zu thermalisieren, son-
dern auch das SiO2, ein Hauptbestandteil des Betons. Folglich sollten MCCI-Produkte
in den weiteren Kritikalitätsanalysen sorgfältig behandelt werden.

Eine vorläufige konservative Kritikalitätsbewertung von Fukushima-Schüttbetten hat
Sicherheitsparameterbereiche bzw. Bedingungen aufgezeigt, für die eine Rekritikalität
ausgeschlossen werden kann. Einerseits können trockene Schüttbetten aufgrund des
Mangels an ausreichendem Moderator unter keinen Bedingungen kritisch werden. An-
dererseits bleiben in Wasser eingetauchte Schüttbetten unterkritisch, wenn die Porosität
ausreichend gering ist (< 0,24 für Schüttbetten ohne Beton, < 0,1, wenn Beton mit
Brennstoff vermischt wird), die Masse ausreichend klein ist (< 124 kg) oder das Kühlwasser
ausreichend boriert ist (> 2600 ppm B).

Schließlich wird eine statistische Methode als alternative und realistischere Methode
zur Bewertung der Kritikalität in Schüttbetten vorgeschlagen. Eine erste explorative
Analyse des Schüttbetts von Fukushima Unit 1 zeigt, dass die Wahrscheinlichkeit einer
Rekritikalität extrem gering ist. Zusätzlich hat die Sensitivitätsanalyse ergeben, dass
die Menge des mit dem Brennstoff vermischten Steuerstabmaterials (B4C) bei weitem
der relevanteste Parameter ist. Andere Parameter mit einer starken Korrelation mit
keff sind der prozentuale Anteil des Brennstoffs im Corium, die Menge an partikelför-
migem Schüttbett und dessen Ausbreitung. Auf dieser Grundlage werden zukünftige
Forschungs- und Handlungsfelder abgeleitet.
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Chapter 1

Introduction

1.1 Motivation and background

According to the last report of the International Energy Agency (IEA) [24], the global
energy-related CO2 emissions rose by 1.7% in 2018 and hit a new record of 33.1 Gt
CO2. The reason is a higher energy consumption caused by strong economic and pop-
ulation growth worldwide. Currently, the energy sector accounts for two-thirds of total
greenhouse gases, and coal-fired electricity generation alone represents 30% of global
CO2 emissions. That makes coal the single largest source of global temperature in-
crease. To mitigate climate change and its catastrophic consequences, the energy sector
must make an effort to reduce emissions worldwide. The international trend is to evolve
towards low-carbon energy mixes. The European Commission presented last year the
European Green Deal, an ambitious package of measures with the final goal of becoming
climate-neutral by 2050. In this EU roadmap towards a sustainable economy, “further
decarbonizing the energy system is critical to reach climate objectives in 2030 and 2050”
[22]. The energy transition pathways are country-specific, but there is a growing global
consensus that renewable energy systems and nuclear energy will be key to meet de-
carbonization targets. In this regard, IEA has confirmed the impact of renewables and
nuclear energy on the decoupling between energy demand and emissions in 2018, with
emissions growing 25% slower than energy demand [24].

Despite the advantages of nuclear energy as a carbon-free energy contributor, after
the Fukushima accident, some countries decided to phase out nuclear (Germany, Bel-
gium, and Switzerland). The Fukushima accident has had a profound impact not only
on energy policies but also on general public acceptance. Internationally, great efforts
are being made to reassess and strengthen the safety of nuclear power plants (NPP).
New and improved severe accident management (SAM) and release mitigation systems
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are being investigated and implemented. The scientific community has recognized some
severe accident (SA) research issues and weaknesses that need further attention. The In-
ternational Atomic Energy Agency (IAEA) held a Training Meeting on “Post-Fukushima
Research and Development Strategies and Priorities” at IAEA Headquarters, Vienna,
Austria, December 15-18, 2015 [126]. The purpose of this meeting was to provide a
platform for experts from the Member States and international organizations to discuss
research and development areas regarding the Fukushima Daiichi accident and severe
accidents in general that need to be further investigated. The possibility of recriticality
in damaged reactors, which is the focus of the present work, appeared as one of the
research issues that raises most interest and must be addressed. Similarly, the Nuclear
Energy Agency (NEA) brought together a group of senior researchers to identify research
opportunities post-Fukushima [5], which again recognized the recriticality issue as one
of the knowledge gaps in nuclear safety that needs further consideration.

1.1.1 Recriticality in severe accidents

The term ‘severe accident’ refers to an event with an extremely low probability of oc-
currence but involving significant core degradation, which can lead to the release of
radioactive products into the environment and have serious consequences. It is also
called ‘core melt accident’. SAs can occur only by an accumulation of malfunctions
(equipment and/or human errors together with failure of safety procedures). Three im-
portant SAs happened in history: Three-Mile Island 2 (TMI-2) in 1979, USA; Chernobyl
in 1986, Ukraine; and, more recently, Fukushima Daiichi in 2011, Japan.

SAs generally start when the decay heat produced in the reactor cannot be removed
properly due to a cooling failure. They involve complex thermal, mechanical, physical,
chemical, and radiological processes, which are commonly divided in two phases:

• In-vessel phase, which covers core heat-up, fuel degradation, material relocation
inside the reactor vessel, and fuel-coolant interaction (FCI). If the cooling is not
properly restored, the phase will ultimately end up with the vessel failure and
subsequent release of molten corium into the containment building.

• Ex-vessel phase, which covers corium spreading at the reactor pit, molten corium-
concrete interaction (MCCI), containment behavior (including transport of ra-
dioactive substances), and the source term release into the environment (worst-case
scenario).

The term ‘corium’ refers to a molten mixture of fuel together with structural and control
materials from the core. Once the corium solidifies, it forms the so-called ‘debris bed’.
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1.1.1.1 Recriticality scenarios

Nuclear criticality safety is defined as “protection against the consequences of an in-
advertent nuclear chain reaction, preferably by prevention of the reaction” [17] and is
generally achieved through the control of a limited set of macroscopic parameters such
as mass, concentration, moderation, geometry, isotopic composition, enrichment, den-
sity, reflection, and neutron absorption [45].

In case of an accident, the reactor is immediately shut down and must be kept
subcritical from this moment on. Recriticality would occur if a sufficient quantity of
fissile material is arranged unintentionally into a critical configuration after the reactor
shutdown. Light Water Reactors (LWRs) have some safety mechanisms to control the
reactivity that maintain the fission process and, therefore, the reactor power at the
desired level. These mechanisms are:

• Control rods: strong neutron absorbers (normally Ag-In-Cd or B4C) that can be
inserted fully or partially in the reactor core to regulate neutron flux.

• Inherent stability: LWRs are designed so that in the event of a power increase, the
reactor self-stabilizes, and feedback mechanisms automatically reduce the reactiv-
ity (negative void reactivity coefficient and negative Doppler reactivity coefficient).

• Boron injection: Pressurized Water Reactors (PWRs) use borated water under
normal operating conditions to adjust the power up and down. In Boiling Water
Reactors (BWRs), boron is injected only in case of emergency.

During a SA, these mechanisms can be progressively lost, leading to a risky situation
where recriticality could be an issue. Figure 1.1 represents the temperature regimes for
extended liquid phase formation in a SA. The control rods meltdown earlier (1200-1400
°C) than UO2 fuel (~2850 °C). This premature low-temperature failure of the absorbers
may result in an early relocation, which would cause a physical separation between con-
trol rods and fuel. If this happens, the control rods would lose their original functionality.
Under this scenario, the feedback mechanisms are not sufficient in themselves to guar-
antee the subcriticality. Thus, if a positive reaction insertion occurs (e.g., reflooding the
core with unborated water for cooling purposes), recriticality is very likely to happen.
As the accident progresses, the design geometry of the reactor core will also be gradually
lost (stainless steel, cladding, and, finally, UO2 will melt down progressively), and with
it, the inherent stability. Fortunately, a destroyed core will never be as reactive as in
its original form. While the fuel melts forming the corium, recriticality can be fairly
dismissed since the moderation of neutrons is very difficult (any liquid water in contact
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Figure 1.1: Temperature regimes for extended liquid phase formation in severe accidents
[43]

with corium would evaporate immediately). Only after a while, when the reactor is
cooled down and the corium solidifies forming the debris bed, recriticality becomes a
concern again. At this point, boron injection into the coolant is the only mechanism
remaining to control the criticality.

In summary, there are two potential recriticality scenarios (see Figure 1.2) that should
be considered with special attention:

• Recriticality after reflooding of a semi-intact core. Recriticality may hap-
pen if reflooding of the reactor core with unborated water is performed after the
separation between control rods and fuel in the early in-vessel accident phase.

• Recriticality in debris beds. Recriticality is possible after the solidification
of the corium, when debris beds are formed either at the bottom of the vessel
(in-vessel debris bed) or in the reactor containment (ex-vessel debris bed).

The recriticality potential in partially degraded cores after reflooding (first scenario)
has been thoroughly investigated in several studies, for example, within the EU project
SARA (Severe Accident Recriticality Analysis) [27] or by the U. S. Nuclear Regulatory
Commission as part of its Accident Management Program [66].
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Figure 1.2: Recriticality scenarios during a severe accident

The criticality in debris beds (second scenario), which is the focus of the present work,
was thoroughly investigated to assist the TMI-2 defueling activities (see Section 1.2.1),
and, after years of inactivity, it has come to the fore again following the Fukushima
accident. Unfortunately, the debris conditions at Fukushima are very severe, and the
research team in charge of criticality safety has encountered serious obstacles to define
the strategy that should be followed during the decommissioning. A criticality database
of debris beds does not exist, neither a commonly accepted methodology nor a consensus
about the most appropriate debris bed models and their applicability. This knowledge
gap was evidenced after the Fukushima disaster and has been recognized by the scientific
community [5]. All the aforementioned, coupled with the high uncertainty regarding the
debris bed characteristics, make the criticality safety assessment at Fukushima a real
challenge (see Section 1.2.2 for detailed information).

A recriticality event would cause the release of nuclear radiation that may be lethal
for the nearby personnel. The generation of new fission products (FP) is the main con-
cern and most potentially dangerous consequence of recriticality. After a SA, the safety
barriers in the reactor that prevent the release of radiation into the environment may be
severely damaged, resulting in a direct exposition of the public and workers. Thus, con-
trolling the core subcriticality is one of the main accident management objectives. Based
on the defense-in-depth concept, criticality control techniques that combine criticality
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prevention, detection, and mitigation measures are necessary.
To prevent recriticality, SA mitigation measures prescribe the injection of emergency

cooling borated water into the reactor core. However, this is not always feasible and will
depend on the post-accident reactor conditions. In Fukushima damaged reactors, there
is a major water problem that prevents this measure from being taken (see more details
below in Section 1.1.1.2). Alternative prevention measures and enhanced detection and
mitigation strategies must be investigated. Thus, performing a criticality evaluation of
the debris beds is very important to predict possible risks and be able to establish the
appropriate control measures if necessary.

1.1.1.2 Current situation in Fukushima

On March 11, 2011, the Great East Japan Earthquake of magnitude 9.0 on the Ritcher
scale caused a big tsunami that led to a station blackout on the operating Units 1, 2, and
3 at Fukushima Daiichi Nuclear Power Station (1FNPS). The reactors were then isolated
from their ultimate heat sink, resulting in a large core meltdown. Not only the cores but
also the reactor pressure vessel (RPV) and the primary containment vessel (PCV) were
damaged due to the failure of the cooling functions. As a consequence, a large amount
of fuel debris was formed and is estimated to be distributed between the RPV (in-
vessel scenario) and PCV (ex-vessel scenario). The tremendous damages caused also a
significant release of radiation into the environment, either directly into the atmosphere
or as contaminated water into the sea. The continuous leakage of the cooling water
poured into the reactors as well as the inflow of groundwater into the damaged units
became the main concern after the accident. The management of contaminated water
has been the priority during the early years of Fukushima decommissioning activities.

Due to this ‘water problem’, maintaining a constant concentration of boron inside
the damaged reactor buildings is very difficult.. Boron should be added endlessly, which
is not feasible. Therefore, the debris beds in Units 1 to 3 are currently kept cool and
stable by means of a continuous stream of non-borated water injected into these units.
No active criticality control measure is implemented, but subcriticality is constantly
being monitored by measurements of short-lifetime fission products gases (e.g., 133Xe or
135Xe) and water temperature. As no sign of criticality has been detected until now,
the debris beds are assumed to be subcritical [118]. Nonetheless, any change in the
reactors can endanger this apparently subcritical-stable condition. For that reason, it is
a top priority to secure the subcritical state of the debris during the retrieval operations,
when changes in the water level and debris structure are expected to occur. A boric
acid injection system is already put in place to suppress nuclear fission in case of a
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criticality event. Additional criticality prevention and monitoring technologies are also
being investigated as part of the strategic plan for a safe fuel debris retrieval, which is
underway [2, 46, 79]. A recriticality scenario would lead to the release of new fission
products with potentially severe consequences.

The Japan Atomic Energy Agency (JAEA), commissioned by the Nuclear Regulation
Authority of Japan (NRA), is currently working on a research program to support the
development of the criticality control system, which will be implemented during the fuel
debris removal activities at 1FNPS [119]. The program consists of three major activities:
definition of a method to evaluate the criticality risk, computation of basic criticality
characteristics of fuel debris, and validation of computation results through criticality
experiments. The final objective is to develop a criticality map that will be used to
reveal the recriticality potential of a debris bed taking the debris conditions as input
parameters.

1.2 State of the art

SA research started in the 1970s with the first probabilistic safety assessments. More
advanced research programs began at the beginning of the 1980s following the TMI-2
accident, which occurred in 1979, demonstrating that a nuclear core melt accident was
actually possible. The Chernobyl accident (1986) and, more recently, the Fukushima
disaster (2011) underlined the need to continue and extend research in this field. As a
result, a huge amount of R&D has been performed in the last decades internationally.
The complex processes involved in SAs have been extensively investigated numerically
and experimentally. As a result, large progress has been reached, although several issues
still need further attention to reduce uncertainties and consolidate the SAM plans. B.R.
Sehgal [102] provides a complete overview of SA research and phenomenology.

The recriticality issue in SAs was first taken seriously after TMI-2. The first criti-
cality analyses of debris beds were performed to ensure subcriticality during the TMI-2
defueling process (see Section 1.2.1). The investigations were abandoned afterward and
have been restarted recently after the Fukushima disaster. Since then, relevant progress
has been made (see Section 1.2.2). Currently, three complementary investigation lines
can be distinguished:

1. Numerical evaluation of criticality with neutronic codes. Neutron trans-
port codes (e.g., MCNP [31], Serpent [64], or MVP [76]) and cross section libraries
(e.g., ENDF/B-VII [13] or JENDL-4.0 [105]) are used to model debris beds and
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calculate the neutron multiplication factor of the system. The present work falls
into this category.

2. Experimental evaluation in critical facilities. The computational models
include some uncertainties that must be clarified by criticality experiments. The
experimental database is very limited. Thus, new experiments that represent more
closely real debris beds are planned and will be conducted by JAEA with the
modified STACY (Static Experiment Critical Facility) and samples that simulate
fuel debris compositions [35, 70, 106].

3. Measurements in real accident scenarios. Subcriticality is being monitored
at 1FNPS damaged reactors through measurements of short-life time FP (133Xe or
135Xe) and water temperature. The Japanese International Research Institute for
Nuclear Decommissioning (IRID) is developing additional advanced technologies
to control the criticality during the fuel debris retrieval (e.g., criticality approach
detection systems or FP gamma detector systems) [36].

The characterization of debris beds is also essential for the criticality assessment. In-
formation on debris bed characteristics is needed to develop suitable debris bed models
for the criticality computation as well as to generate appropriate debris bed simulant
samples for the critical facilities. A realistic and accurate estimation of the recriticality
potential will depend largely on the quality of debris bed data. There are three main
ways to gain knowledge about debris beds:

1. Numerical simulations with SA codes. SA integral codes like MAAP [23],
ASTEC [14], or MELCOR [28] simulate the entire accident with relatively low
computing effort, from the initiating event to the possible release of source term
to the environment and taking into account the main safety systems. SA detailed
codes like ATHLET-CD [12] use best-estimate (BE) phenomenological models and
provide a much more accurate simulation of the NPP behavior with higher comput-
ing times. Additionally, dedicated SA codes perform a finer simulation of specific
phenomena (e.g., core degradation or hydrogen risks).

2. Small-scale experiments that reproduce specific phenomena: FCI experiments
(e.g., DEFOR [53] or FARO [67]), debris spreading and sedimentation experiments
(e.g., PDS-P [62]), MCCI experiments (e.g., OECD-MCCI [25] or VULCANO [16]),
etc.

3. Data collected from real accident scenarios like TMI-2 [33], Chernobyl [89],
and Fukushima (samples, visualization, etc).
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Due to the high uncertainties of SA code results, the most reliable debris bed data is
obtained from experiments and samples of accidents but also the most complicated.
TMI-2 samples and examinations [33] have been especially valuable to gain knowledge.

The diagram in Figure 1.3 shows the whole process behind the criticality evaluation
of debris beds and available resources.

1.2.1 TMI-2 criticality analysis

Nuclear criticality safety was one of the key safety issues during the recovery of TMI-2.
The fuel partially melted and was retained in the RPV. A prevention-based approach
was adopted to avoid recriticality. It was decided to increase the boron concentration
in the coolant as much as necessary to maintain subcriticality for all conceivable core
configurations (‘infinite poison’ concept [32]).

Numerous calculations of the shutdown margin were performed by criticality experts
of the most important nuclear institutions in the United States. These analyses were
based on very limited knowledge about the core configuration; thus, very conservative
core disruptive models were used. Parametric criticality analyses were performed in par-
allel to identify worst-case parameter combinations, i.e., the most reactive compositions
and configurations. The neutron multiplication factor (keff ) criterion used to define the
poison concentration for the reactor coolant system (RCS) was <0.99, i.e., a shutdown
margin of at least 1%. That, coupled with a very conservative core model, provided an
appropriate margin of safety. In 1984, the studies culminated with a report [32] that
established a minimum boron concentration of 4350 ppm. For that, a lenticular design-
basis model was employed, which included several inherent conservatisms (see Figure
1.4). The model assumed that the entire fuel inventory was accumulated at the bottom
of the RPV, arranged in a double spherical segment shape (lenticular). The central
region consisted of the highest enriched fuel (batch 3) and was surrounded by a mixture
of the rest fuel batches (batches 1 and 2). No burnup credit was given. A spherical
steel reflector supported the fuel, which was covered by borated water with an optimum
fuel-to-moderator ratio. No structural nor poison materials were considered. The fuel
debris was modeled as spherical UO2 particles in borated water arranged in a dodec-
ahedral lattice structure. The particle size was chosen to conserve the surface-to-mass
ratio of a standard fuel pellet. For the criticality calculations, the three-dimensional
multigroup Monte Carlo criticality code KENO V.a. [92] was used, which is the first
criticality safety analysis tool in SCALE [95] system, developed by Oak Ridge National
Laboratory (ORNL).

Additionally, criticality calculations were performed to design the defueling canisters
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Figure 1.4: Lenticular debris bed model used for the TMI-2 RCS criticality report [32]

and canister-handling devices [38]. In these cases, a keff criterion of <0.95 was used to
define the fixed poison requirements.

A computer code benchmark program was completed to determine an appropriate
analytical uncertainty bias [32, 74]. A limited number of critical experiments were se-
lected based on their similarity with the damaged TMI-2 core conditions in three aspects:
fuel enrichment, soluble boron concentration, and neutron moderation. Conservatively,
the worst case was taking as bounding value, and a bias of 2.5% Δk was adopted.

W. R. Stratton [111] and D. S. Williams et al. [124] provide an overview of the main
criticality analyses done to support TMI-2 defueling.

The reactor defueling was successfully accomplished between 1985-1988, and no crit-
icality event was detected. The Defueling Completion Report [33] describes in detail
the conditions of the core before and after defueling as well as the defueling operations.
Furthermore, a criticality assessment of the residual fuel is presented to demonstrate
that unintentional criticality had been precluded in the facility.

1.2.2 Fukushima criticality analysis

As explained before in Section 1.1.1.2, the conditions at 1FNPS are very severe. Due
to a water issue, boron injection cannot be used to prevent criticality. Consequently, a
mitigation-based approach has been adopted [51].

The computation of basic criticality characteristics of debris beds is one of the major
activities of the criticality control program developed by JAEA [119]. Due to the high
uncertainty regarding the condition of the debris, a comprehensive criticality database
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Figure 1.5: Criticality map concept developed by JAEA, taken from [51]

must be developed to cover any credible scenario. The criticality database or “criticality
map” will be used to reveal the criticality situation of debris beds taking the debris
conditions as input parameters. The “criticality map” concept is depicted in Figure 1.5
and shows a qualitative criticality assessment as a function of the debris bed composition
and geometry. The criticality computations aim to find out the specific numbers or debris
conditions, which are behind the lines that divide the map into subcritical, critical, and
supercritical areas. For example, for which compositions debris beds would never be
critical regardless of the geometry. In the future, once observations or sample analyses
reveal the current debris bed conditions, they will be located on the map to evaluate the
criticality risk. Additionally, it is also necessary to study how the criticality condition
of a given debris bed can move on this map as a result of expected changes caused by
defueling activities (e.g., temperature drop or debris relocation).

The criticality of UO2-water composites has been computed in the past for many
years to produce the criticality safety handbook [85], where the minimum critical masses
for uranium-water homogeneous mixtures can be found. JAEA criticality safety group
intends to extend this standard to wider conditions more typical of debris beds, e.g.,
UO2-steel or UO2-concrete composites. Several studies have been published, in which
the MCCI products are modeled as a homogeneous mixture of fuel and concrete in
form of spherical particles and submerged in water [49, 117] (see debris model in Figure
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Figure 1.6: Debris bed model representing UO2-concrete composites used by JAEA
[49, 117]

1.6). Major parameters of these analyses are fuel composition, particle size, concrete
volume fraction, and volume ratio between the water and the MCCI product. Infinite
multiplication factors (k∞) and critical masses were computed using the continuous-
energy Monte Carlo code MVP [76] and the nuclear data library JENDL-4.0 [105].
Boron concentrations in water necessary to achieve k∞=1 were also computed using
the SRAC [82] code system and JENDL-4.0. The nuclide inventory of the BWR spent
fuel was calculated with the SWAT burnup code system [112]. These studies prove the
moderation capacities of concrete.

The aforementioned new criticality safety standards for fuel debris, including the
computation models, must be validated by critical experiments. The experiment results
available until now do not represent the conditions of debris beds properly. For that rea-
son, JAEA is modifying the STACY critical facility and preparing critical experiments
with simulated fuel debris samples [35, 107]. Currently, the feasibility of using a hetero-
geneous core arranging UO2 rods and structural materials rods (e.g., SiO2 simulating
concrete) in water is being investigated [99].

In parallel with these activities, IRID is working on a statistical method for the evalu-
ation of criticality at 1FNPS [72]. They work on the basis that a high conservatism may
lead to excessive requirements for the criticality control system, so a methodology to
evaluate the realistic status of the plants is proposed. The statistical method has three
major steps: sampling of debris bed parameters that are defined by probability density
functions (PDF), computation of keff with a Monte Carlo code, and statistical processing
of results. Much of the success of this methodology is based on the information available
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regarding the debris beds, which is still very limited. However, useful information about
the fuel debris is expected to be collected by observations and future in-core investiga-
tions. Parameters with a strong correlation with the neutron multiplication factor can
be also derived from these analyses. This information will allow concentrating future
resources and efforts intelligently and efficiently. The first exploratory statistical calcula-
tions suggest that the criticality risk is extremely small. The distribution, amount, and
composition of fuel debris were estimated with the SA code MAAP [23]. The Monte
Carlo calculation code MVP [76] and the nuclear data library JENDL-4.0 [105] were
used for the analyses.

1.2.3 TMI-2 vs. Fukushima criticality studies

Boration of the coolant water was practiced in TMI-2 and is the preferable way to control
the criticality in debris beds. As illustrated in Figure 1.5, borated water bounds the
criticality characteristics of debris beds into a small region and keeps it far from critical
condition no matter how much temperature or geometry changes. The more severe
situation in Fukushima has forced a much more complicated criticality safety approach,
which requires an innovative risk assessment method and the backup of an extensive
criticality database. A new experiment critical facility (STACY) is being developed to
provide an adequate validation to on-going computations.

The criticality calculations and debris modeling in TMI-2 were also relatively simple.
The most reactive possible configurations were first identified with parametric analyses
and then used to develop extremely conservative models and estimate the boron concen-
tration. In Fukushima, parametric calculations are necessary to investigate the impact
of new parameters that have come to the fore, for example, the presence of MCCI com-
posites. An excessive conservatism is being avoided, and more realistic assumptions are
used in the debris bed models; even a statistical evaluation method is considered for a
more realistic criticality evaluation of debris beds.

Table 1.1 shows a comparison between the main characteristics of the criticality
computations performed after the TMI-2 and Fukushima accidents.

1.3 Aim and objectives

The present work aims to provide an approach to assess numerically the recriticality risks
in debris beds and thus contribute to the development of a criticality map or database
for debris beds. As already pointed out, a criticality map will allow identifying risk
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Table 1.1: Overview of TMI-2 vs. Fukushima criticality computation analyses

TMI-2 Fukushima

Accident date 1979 2011

Debris bed
situation

Debris retained in RPV
Up to 50 % core meltdown

Debris distributed between RPV
and PCV (mostly in PCV)
Up to 100 % core meltdown

Criticality safety
approach

Prevention-based (boron
injection) Risk-informed, mitigation-based

Objective of
analysis

Estimate amount of boron
needed to secure subcritical
state

Develop an extensive criticality
database for debris beds

Type of analysis Parametric analysis
Conservative analysis

Parametric analysis
Conservative analysis
Statistical analysis

Debris bed model Extremely conservative Slightly conservative

Neutron
transport code KENO, XSDRNPM MVP, MCNP

Burnup code ORIGEN-S SWAT, ORIGEN2

Library ENDF/B-IV JENDL-4.0, ENDF/B-VII

Validation Computer code benchmark
(bias = 2.5% Δk)

STACY critical facility in
development

Results 4350 ppm B to maintain
subcriticality

Recriticality potential low
Database in development
Further analysis needed

Impact Successful defueling (1985-1988)
No criticality event detected

Defueling planned for 2025
No sign of recriticality until now

situations rapidly, define prevention and mitigation measures, and apply them when
necessary quickly and effectively. It will be a key tool for criticality safety during the
decommissioning of Fukushima but also for the future design of safer SAM programs.
The development of a criticality map is an arduous task that requires the investigation
of appropriate debris bed models and numerous computations under a broad range of
possible conditions. It is led by JAEA but a global effort and international cooperation
are essential. Additionally, criticality safety evolves towards more realistic assessments
for which more refined models and methods are necessary. Based on these motivations,
the objectives of the present work are:

• Develop an adequate neutronic debris bed model for criticality calculations.
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• Identify criticality safety parameter ranges for Fukushima debris beds.

• Study criticality characteristics of ex-vessel debris beds containing MCCI products,
i.e., the effects of concrete on the criticality.

• Provide an alternative statistical method for a realistic criticality assessment in
debris beds.

These objectives will specifically contribute to improve the debris bed models, extend
the criticality database, and facilitate future analyses.

1.4 Structure of the thesis

This thesis is divided into seven chapters, including the present one, which has introduced
the problem, the research gap, and the objectives of the work.

Chapter 2 is devoted to the methodology for the criticality evaluation of debris beds
and provides some theoretical background about the criticality calculation with neutron
transport Monte Carlo codes.

Chapter 3 discusses the modeling options for the debris beds characteristics that may
be relevant for criticality, from the most conservative simplifications to more realistic
approaches.

A conservative criticality evaluation of Fukushima debris beds is performed in Chap-
ter 4 in order to identify criticality safety parameter ranges.

The criticality characteristics of uranium-concrete systems, which are representative
of ex-vessel debris beds, are thoroughly investigated in Chapter 5.

Chapter 6 explains an alternative statistical method for a more realistic evaluation
of debris beds.

Finally, Chapter 7 provides a brief summary of the accomplished work, followed by
some recommendations for future research.



Chapter 2

Methodology

As explained in the previous chapter, this study will contribute to the global effort of
developing a criticality database for debris beds that are formed during SAs in LWRs.
Assessing the recriticality potential in debris beds numerically requires:

• quantifying the possible characteristics of debris beds.

• developing an adequate neutronic model for the criticality evaluation of debris
beds.

• defining a procedure to compute the criticality as well as to process calculation
results in order to provide some manageable conclusions (criticality safety ranges,
probability of recriticality, etc.).

• finding appropriate criticality experiments for the validation of the computations.

This chapter describes the work performed to meet the aforementioned requirements.
Figure 2.1 shows a schematic overview of the conducted work and methodology of the
present thesis.

2.1 Pre-processing: debris bed data collection and
modeling

Some preliminary work must be performed before computing the criticality of debris
beds. This work consists of defining a realistic debris bed database together with an
adequate debris bed model and will be the foundation upon which the criticality analyses
will be performed.
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An exhaustive literature review is needed to understand the formation process of
debris beds and gather information about possible characteristics. In parallel, a pre-
selection of parameters with a potential impact on the criticality must be done. Ideally,
the final result of this groundwork would be a debris bed database with all the po-
tentially relevant parameters and their uncertainty distributions. Unfortunately, the
high uncertainties regarding the debris characteristics make this task a great challenge.
Nonetheless, it is important to quantify the debris conditions and uncertainties as far as
possible with the guidance of expert judgment. This information will be used to define
the debris bed model and as input for the criticality computations.

Given the high complexity and uncertainty of debris beds, conservative assumptions
and simplifications have to be adopted to achieve a computationally feasible debris bed
model. An adequate compromise between model accuracy and simplicity must be found.
For that, different possibilities of modeling should be investigated and compared.

Chapter 3 describes the debris parameters that should be taken into account for a
criticality assessment, collects information about realistic debris bed conditions and dis-
cusses the different debris bed modeling options, from very conservative simplifications
to more complex and realistic approaches.

2.2 Simulation and post-processing: numerical meth-
ods for criticality evaluation

A system containing fissile material (233U,235U, 239Pu, or 241Pu) is critical if it maintains
a steady self-sustaining nuclear chain reaction. In a critical configuration, the population
of neutrons remains constant in time, i.e., of the several neutrons produced by a single
fission, an average of one leads to a new fission; the other neutrons are lost either by
capture or leakage. This is a delicate balance that depends upon the composition,
quantity, and configuration of the materials in the system and environment. A nuclear
reactor is designed to operate in critical condition, which is characterized by a steady
power level. Reaching criticality conditions inadvertently is not easy, but may happen.
This work investigates under which conditions an inadvertent criticality event may occur
in debris beds after SAs. To study this possibility, the balance of neutrons within the
system must be calculated.

Basic notions of the neutron transport theory are presented below to introduce the
criticality problem and the numerical methods available to solve it.
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2.2.1 Neutron transport

The behavior of a nuclear system is governed by the distribution of neutrons in space,
energy, and time. Neutrons are born from a source or fission and travel through a
physical system interacting with other nuclei until they are eventually absorbed or leak
out through a boundary. The neutron transport theory describes the neutron behavior
through the study of the motions and interactions of the neutrons with materials. It
can be considered as a specialized branch of the kinetic theory of gases developed by
Boltzmann and his followers at the end of the 19th century; the basic ideas are common
and can be found in classic references [6, 19, 21] and more recent publications [93,
110]. The neutron transport equation, often called the Boltzmann transport equation,
describes mathematically the neutron balance in a system and can be used to calculate
the neutron distribution.

2.2.1.1 The neutron transport equation

The conservation of the number of neutrons is a basic principle in the study of neutron
transport. The neutron transport equation is the mathematical representation of this
balance between neutron gain and losses in a system:

∂N

∂t
= Production rate (Q) −Removal rate (R) − Leakage rate (L) (2.1)

where N = N(r,Ω, E, t) is the angular neutron density. In a steady-state system, the
rate of change of the angular neutron density is zero (∂N

∂t
= 0).

Appendix A defines certain quantities, which are required to describe the neutron
transport problem and derive the transport equation. Making use of these, the equation
can be expressed in terms of the angular neutron flux ψ = ψ(r,Ω, E, t) as:

1
v

∂ψ

∂t
= Q− Σtψ −Ω ·∇ψ (2.2)

in units [n · cm−3 ·MeV −1 · sr−1 · s−1], where:

• 1
v

∂ψ

∂t
is the rate of change of neutron density: N(r,Ω, E, t) = 1

v
ψ(r,Ω, E, t)

• Q = Q(r,Ω, E, t) is the neutron source, which includes external neutron sources
Qext, production due to scattering from other energies and directions Qs, and
neutrons generated by fission events Qf .

Q = Qext +Qs +Qf (2.3)
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Qs =
∫ ∞

0

∫
4π

Σs(r, E ′ → E,Ω′ → Ω, t)ψ(r,Ω, E, t)dE ′dΩ′ (2.4)

Qf = χ(E)
4π

∫ ∞

0

∫
4π
ν(E ′)Σf (r, E ′, t)ψ(r,Ω, E, t)dE ′dΩ′ (2.5)

where Σs(r, E, t) and Σf (r, E, t) are the scattering and fission macroscopic cross
sections respectively, χ(E) is the energy distribution of the outgoing fission neu-
trons (assuming isotropism), and ν(E) is the mean number of neutrons released in
a fission event, typically 2.3.

• R = Σtψ represents the neutron losses due to all type of collisions, being Σt(r, E, t)
the total macroscopic cross section.

• L = Ω · ∇ψ is the neutron streaming term, which represents the neutron current
J(r, E, t) across a surface S with normal n.∫

S
(J · n)dS =

∫
V

∇JdV =
∫
V

∇[ψΩ]dV =
∫
V

Ω∇ψdV (2.6)

The neutron transport equation 2.2 depends on seven variables: space coordinates
r(x, y, z), neutron motion direction Ω(θ, φ), energy E, and time t. With appropriate
initial and boundary conditions, the transport equation can be solved, yielding the
expected neutron distribution within the geometry; however, this is a formidable task.
Only the most simple problems can be solved exactly; practical problems must be solved
either approximately or numerically.

Deterministic vs. Monte Carlo methods From the 1950s, many different numer-
ical methods have been investigated to solve the neutron transport equation [65, 68].
Essentially, two approaches can be distinguished: deterministic methods and stochastic
techniques. Deterministic methods use approximate forms of the equation, discretize
the problem, and solve the resulting system of algebraic equations analytically. Alterna-
tively, stochastic (or Monte Carlo) methods are based on a probabilistic interpretation
of the transport process and solve the problem by simulating the behavior of individual
neutrons. The idea is that a sufficiently large number of individual histories simulations
recovers the average behavior of the whole system. In other words, deterministic meth-
ods provide an exact solution to an approximate problem, while Monte Carlo methods
provide an estimated solution with a statistical error to the exact problem.
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For the calculations of the present thesis, the Monte Carlo method was chosen. Monte
Carlo techniques do not use directly the Boltzmann equation to solve the transport prob-
lem; only a good knowledge of the involved physical phenomena such as scattering or
absorption is required to simulate the particle transport properly. The main advantage of
Monte Carlo over other methods is the ability to handle complex geometries and nuclear
cross section data. In the early stages, multi-group Monte Carlo codes such as KENO
[92] were developed; these divided the neutron energy spectrum into multi-groups due to
the limited memory capacity. However, today’s computers have larger memory capacity
and faster processors that allow using a continuous neutron energy spectrum instead of
a multi-group one. Among the most broadly used continuous-energy Monte Carlo codes
are MCNP [31], MVP [76], or Serpent [64]. Therefore, Monte Carlo calculations are cur-
rently free of errors linked to any kind of approximation method. If the system geometry
and nuclear data are known, the calculation results will contain only statistical errors1.
These are inevitable but can be reduced to the desired level by increasing the number of
simulated particles, and thus the calculation time. Additionally, the very nature of the
method makes it ideal for parallel computation. The particle histories are independent
of each other and can be run in parallel. On the contrary, deterministic methods require
reasonable simple geometries and multi-group approximations to continuous energy neu-
tron cross section data. Obtaining adequate multi-group cross sections for each specific
problem may be a time-consuming task that remains the most significant obstacle to
solving the transport problem deterministically in a reliable, efficient, and user-friendly
manner [93].

2.2.1.2 The criticality problem

The neutron transport equation can be expressed in operator notation as follows:

1
v

∂ψ

∂t
+Mψ = Qext + Fψ (2.7)

where M is the transport operator and F is the fission operator:

Mψ = Σtψ + Ω · ∇ψ −
∫ ∞

0

∫
4π

Σs(r, E ′ → E,Ω′ → Ω, t)ψ(r,Ω, E, t)dE ′dΩ′ (2.8)

Fψ = χ(E)
4π

∫ ∞

0

∫
4π
ν(E ′)Σf (r, E ′, t)ψ(r,Ω, E, t)dE ′dΩ′ (2.9)

1In practice, both Monte Carlo and deterministic calculations have adittional sources of errors:
modeling errors, approximations in cross section values, etc.
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In a critical system, the population of neutrons remains constant in time without the
need for external sources. The production of neutrons due to fission exactly balances the
loss of neutrons due to capture and leakage; then, a nonzero, steady-state neutron flux
φ is possible and ∂N

∂t
= 1

v
∂ψ
∂t

= 0. If no external neutron sources are considered, solving
the neutron transport equation becomes an eigenvalue problem, also called criticality
problem:

Mψ = Fψ (2.10)

In the above form, only a critical system can be solved. To consider also subcrit-
ical and supercritical configurations, the above equation is transformed introducing a
dimensionless factor keff that modifies the fission operator:

Mψ = 1
keff

Fψ (2.11)

ψ = 1
keff

M−1Fψ (2.12)

The factor keff is the effective multiplication factor and allows altering the number
of neutrons emitted by fission reactions in order to make the system critical. If keff < 1,
the fission source must be increased so that a steady-state solution can exist; capture
and leakage dominate fission, and the system is subcritical. If keff > 1, the fission source
must be decreased to achieve critical conditions; fission dominates capture and leakage,
and the system is supercritical. If keff = 1, capture and leakage exactly balance fission,
and the reactor is critical [93].

Thus, the neutron balance of a nuclear system is characterized by keff , which in
reactor theory is interpreted as the ratio between the number of neutrons of successive
generations2:

keff = Nn

Nn−1
= number of neutrons in one generation

number of neutrons in preceding generation (2.13)

Neutron physicists use commonly another quantity derived from keff known as re-
activity, which describes the deviation of an effective multiplication factor from unity:

ρ = keff − 1
keff

(2.14)

In practice, reactivity may take very small values and is commonly quantified in per

2A generation is the life of a neutron from birth in fission to death by escape, capture, or absorption
leading to fission
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cent mille (1 pcm = 10-5).

The power iteration method Above it has been shown how the criticality problem
can be transformed into an eigenvalue problem, one of the most typical mathematical
problems in science and engineering. The most common and well understood approach
to solve equation 2.12 is the power iteration, a mathematical method for approximating
the dominant eigenvalues and eigenvectors of a matrix [34, 87, 98]:

ψ(n+1) = 1
k

(n)
eff

FM−1ψ(n), n = 0, 1, ..., givenψ(0) and k(0)
eff (2.15)

Power iteration can be applied also with Monte Carlo techniques to solve keff eigen-
value problems. The process is described below in Section 2.2.2.

2.2.2 Criticality calculations with Monte Carlo codes

Stochastic or Monte Carlo methods estimate the collective behavior of particles in a
system by sampling a large number of individual particle histories whose trajectories
and interactions are simulated by a digital computer [37].

Particle transport is characterized by a very large number of particles undergoing
random and independent histories. Each event of an individual particle history (scatter-
ing, absorption, etc.) occur in nature with the probability of occurrence determined by a
cross section. Consequently, the global behavior of the whole system is predictable and
can be estimated with a statistical error that decreases as the number of particles sim-
ulated increases (neutrons per cycle × number of cycles) [93]. The history of a particle
refers to the events that occur during the particle’s life. The life of a neutron begins at
his birth, either from an external source or a fission event, and ends with absorption or
leakage outside the system. Using random numbers, the computer generates a statisti-
cal history of simulated particles. The random numbers together with the cross sections
determine when an interaction occurs, which type of interaction (absorption, fission,
inelastic scattering, etc.) occurs, how much energy is lost, what is the new direction of
the particle, or how many neutrons are generated in a fission event.

Monte Carlo techniques have been used to compute keff since the 1950s, and most
of them use the standard power method (see equation 2.15), where each iteration n

corresponds to a fission generation or keff cycle in the simulation [10]. The main steps
of the process are:

1. Provide an initial neutron source ψ and an initial guess of keff (generation n = 0):
k

(0)
eff , ψ(0).
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2. Run M histories and save fission sites, which will be used as source in the next
generation ψ(n+1): ψ(n+1) = 1

k
(n)
eff

M−1Fψ(n).

3. Estimate the new neutron multiplication factor k(n+1)
eff : k(n+1)

eff = k
(n)
eff

M−1Fψ(n+1)

M−1Fψ(n) .

4. Repeat steps 1-3 until both k
(n+1)
eff and ψ(n+1) have converged.

5. Continue iterating to compute tallies3 of keff and reaction rates.

At the start of the calculation, the fundamental mode4 of neutron production is not
known, so an estimate is made. Normally, a flat or cosine distribution is assumed, and
several hundred to several thousand neutrons per cycle are generated. These neutrons
are started isotropically, and their random walks are simulated to estimate a new keff

and source distribution. From the second cycle onward, the place where fission occurred
in the previous cycle is saved in memory and will be assumed as the new neutron source
distribution. This iteration is normally repeated for more than 100 cycles. As the
number of iterations increases, the distribution of neutron production approaches the
fundamental mode. Once the fundamental mode is reached (i.e., keff and neutron source
distribution converge), the values of keff are accumulated to provide a final averaged
estimation with a standard deviation (statistical error) [84]. Depending on the problem
and desired accuracy, the user defines the initial neutron source (number of particles
and spatial distribution), the initial estimate of keff , the total number of cycles to be
run, how many of these cycles should be skipped, and the nominal source size N5. Most
of the errors in criticality calculations with Monte Carlo codes are caused because the
keff results start to be accumulated prematurely, i.e., before convergence. The power
iteration process for Monte Carlo keff calculation is represented schematically in Figure
2.2. Figure 2.3 shows an example of a criticality calculation with MCNP code, where
the keff value for each cycle is represented, and the convergence is clearly appreciated.

Most of the criticality calculations of this work were performed with MCNP6.1 [31],
a continuous-energy Monte Carlo code developed by Los Alamos National Laboratory
in the United States. MCNP is an internationally recognized and accepted code, used
worldwide for decades, which has been verified and validated for numerous applications,
including criticality safety calculations [73]. Serpent [64] is also a continuous-energy

3Tallying is the process of scoring the parameters of interest
4A stable mode where the distribution changes little from one cycle to the next
5The number M of histories varies from cycle to cycle but the total starting weight in each cycle is

a constant N . In other words, the weight of each source particle is N/M , so all normalizations occur
as if N rather than M particles started in each cycle.
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Figure 2.2: Power iteration for Monte Carlo keff calculation

Figure 2.3: Example of keff calculation with MCNP
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Monte Carlo code, developed at the VTT Technical Research Center of Finland and has
been used for specific calculations.

2.2.2.1 Parallel calculations

As explained before, Monte Carlo transport is a natural candidate for multiprocessing
and parallel calculations because the particle histories are independent, and the calcu-
lation accuracy increases with the number of particles tracked. MCNP6 supports two
types of parallel computing, which can be used separately or together:

• Shared memory parallelism (threading): OpenMP threading on a single mul-
ticore computer (e.g., laptop, office computer) or on a single node of a cluster.

• Distributed memory parallelism (MPI): Message-passing between nodes on
a cluster using some external MPI environment and libraries.

Most of the calculations of this thesis were performed at the supercomputer Hazel Hen of
the High-Performance Computing Center at the University of Stuttgart (HLRS). Hazel
Hen6 was a Cray XC40 system and consisted of 7712 compute nodes. Each node had
two Intel Haswell processors (12 cores) and 128 GB memory. This makes a total of
185,088 cores and a theoretical peak performance of 7.4 PFlops.

The computing time is strongly dependent on the type of problem, especially on the
complexity of geometry, on the collision physics, and the kind, accuracy, and number of
requested results. The criticality calculations performed through this thesis are relatively
simple transport problems, and most of them run less than an hour in serial processing.
Nonetheless, the number of calculations was quite high, and parallel processing with
MPI was used to save computational time.

2.2.3 Criticality safety evaluation methods

After a SA, a criticality safety analysis must be performed to ensure that the formed
debris beds do not pose a nuclear hazard for the public, workers, and environment. The
possible conditions of the debris before, during, and after the defueling activities must
be considered. Since there are great uncertainties, the assurance of adequate protection
is normally provided through conservatisms, which can be introduced at different lev-
els: conservative acceptance criteria, conservative model assumptions, conservative input
conditions, etc. Extreme conservatism is often intentionally used because it simplifies

6The Hazel Hen system was shut down on 25th February 2020 and replaced by its successor Hawk
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Figure 2.4: Overview of conservative model vs. statistical model

the analysis considerably, reducing efforts and times; however, an over-conservatism may
lead to excessive requirements for the criticality control system and very high costs. A
reasonable degree of conservatism must be sought, although this threshold is hardly
recognizable in the absence of a detailed treatment of uncertainties. Even for expert
analysts, it is easy to diverge to excessive conservatism when multiple conservative as-
sumptions are used. For all these reasons, the current trend in nuclear safety analysis is
to use realistic hypotheses rather than conservative, and estimate also the uncertainty.
A statistical approach may be more laborious but provides a much more realistic picture
of the situation and reasonable requirements.

The conservative and statistical methods are explained below in more detail and
represented conceptually in Figure 2.4. Before employing any of them, preparatory or
parametric calculations are normally performed, since they provide essential knowledge
about the criticality behavior of the system.

2.2.3.1 Parametric criticality calculations

A parametric criticality study assesses the impact that changes of certain parameters
have on the criticality of the system. The number of variables to perturb is usually small.
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These are systematically varied over wide ranges in order to understand their effect on
the neutron multiplication factor and analyze possible dependencies that are not obvious
to the analyst. Once the tendencies and interdependencies are identified, these can be
physically interpreted, which will allow a better understanding of the nuclear behavior
of the system. Parametric calculations are commonly used with optimization purposes,
i.e., to find out the combination of parameters that makes the system more reactive
(worst-case scenario). Similarly, conservative parameter ranges can be derived from
these calculations.

Former studies have extensively investigated the reactivity effects of parameters such
as fuel enrichment, fuel burnup, fuel particle size, presence of impurities (e.g., boron, iron,
zirconium, and cadmium), type of moderator (light water or heavy water), fuel volume
fraction, void fraction in water, water boration, the total mass of fuel, fuel temperature,
etc. After TMI-2, the parametric studies were essential to define the conservative debris
bed model, which was then used to establish the boron concentration limits in the coolant
system during the defueling operations [115, 122]. In Fukushima, the debris beds have
particular characteristics that make it necessary to investigate new parameters whose
impact is not yet fully known; one example is the presence of concrete mixed with fuel
as a result of the MCCI at the pedestal floor. During this work, parametric calculations
were performed to understand the effect of concrete on the criticality of debris beds and
the relevance of the bound water inside the concrete (see Chapter 5).

2.2.3.2 Conservative criticality assessment

In safety analysis, conservatism is an approach in which the model, data, and assump-
tions are expected to lead to an outcome, which bounds the best-estimate on the safe
side. Traditionally, conservatism has been mostly used because it is the most simple way
to address uncertainty; however, recently there is a clear tendency to reduce the degree
of conservatism in nuclear safety analyses. If calculation results are overly conservative,
these may provide a poor basis for decision making leading to excessive requirements
from an economic or technical point of view. Therefore, the degree of conservatism must
be carefully chosen and adapted to the specific conditions of the evaluated case.

K. Jamali [52] covers this topic and provides recommendations for achieving a rea-
sonable level of conservatism. The study proposes using mean values for most of the
input parameters, in combination with bounding values (most conservative extremes)
for one or two variables. Only a few selected parameters should be chosen at or near
their bounding values; otherwise, the results would quickly become highly skewed rep-
resentations of reality. This approach would ensure an output value comparable to the
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actual 95th percentile and is the best alternative to complex statistical calculations.
A highly conservative approach was used for the criticality assessment in TMI-2,

where it was decided to increase the amount of boron in the cooling water so that the
system would remain subcritical under any conceivable condition. In this case, and
given the situation encountered after the accident, the use of extreme conservatism was
the most effective solution to the criticality problem. On the contrary, the situation
in Fukushima is more complicated and criticality cannot be effectively controlled by
adding boron to the coolant. The criticality assessment is much more complex and a
more realistic approach is being sought, which will allow greater flexibility to design the
criticality control system.

As part of this work, conservative calculations were performed to identify safety
parameter ranges for Fukushima debris beds (see Chapter 4).

2.2.3.3 Statistical criticality assessment

In nuclear safety, there is an increasing interest in replacing the traditional conservative
evaluation methods by best estimate calculations supplemented by uncertainty analyses.
For that, the uncertainties due to imprecise knowledge of input parameters must be
quantified in form of probability distributions. In other words, the input parameters
are defined by their PDFs, which reflect the current state of knowledge, rather than
by a discrete value only. The propagation of these uncertainties through the computer
code calculations provides a probability distribution for the code outputs of interest.
The upper limit of the output distribution is usually used to calculate the margin to
acceptance criteria. Furthermore, uncertainty analyses are normally complemented by
sensitivity analyses, which allow quantifying the correlations between inputs and outputs
and, thus, identifying the most relevant parameters.

A statistical criticality assessment would provide a more realistic approach to the real
situation in debris beds; however, this method has been barely used for this purpose.
The huge uncertainties regarding the debris characteristics make it very difficult to define
the probability distributions of input parameters rigorously. Y. Hayashi et al. [39] and
Y. Morimoto et al. [72] propose statistical methods for the evaluation of criticality in
Fukushima reactors.

Chapter 6 presents an alternative statistical procedure for the evaluation of critical-
ity in debris beds based on the GRS (Gesellschaft für Anlagen- und Reaktorsicherheit)
method. The tool for uncertainty and sensitivity analyses SUSA (Software for Un-
certainty and Sensitivity Analyses) [57, 58], developed also by the GRS, was used to
estimate the probability of a recriticality event in Fukushima Unit 1 and to identify the
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relevant parameters.

2.3 Validation

The validation of the neutron transport methods used to evaluate criticality requires
the comparison of computational results with critical experiments. Sensitivity and un-
certainty analysis techniques can be used to perform a quantitative comparison. The
difference between computational and experimental results is called bias and has an asso-
ciated uncertainty. These, together with an additional margin of subcriticality (MOS),
are used to establish an upper safety limit (USL). The nuclear system will be only
considered subcritical if the calculated keff value is below USL:

keff < USL (2.16)

USL = 1 +Bias−Bias uncertainty −MOS (2.17)

For conservatism, normally only negative biases are considered (positive biases are
set to zero).

Requirements and recommendations for the validation of neutron transport calcula-
tion methods applied to nuclear criticality safety analyses are provided in several stan-
dards [3, 20]. These references provide guidance for selecting benchmarks, estimating the
bias and bias uncertainty, selecting appropriate margins, and documenting validation.

The critical experiments selected for the validation must be representative of the
conditions of the system which is being modeled: similar neutron energy spectrum, fis-
sionable materials, neutron absorbers, neutron reflectors, and geometries. Furthermore,
a sufficient number of experiments should be selected to ensure feasible and statisti-
cally appropriate results. The International Handbook of Evaluated Criticality Safety
Experiments (ICSBEP Handbook [81]) is generally recognized as the most extensively
peer-reviewed source of criticality safety benchmark data available. ICSBEP Handbook
contains criticality safety benchmark specifications derived from experiments performed
worldwide. The benchmark specifications are intended to be used for the validation of
calculation techniques and data.

As explained in Section 1.2.2, after the Fukushima accident, efforts are being made
to evaluate the criticality characteristics of the debris beds at the damaged reactors.
Numerous calculations are being performed and must be validated with critical experi-
ments. However, debris beds contain structural materials that are not common in regular
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Figure 2.5: Spectrum range of debris bed from BWR against benchmark criticality
experiments from ICSBEP database, taken from [48]

fuels, and only a small selection of the available experiments are representative. The
criticality safety group of JAEA has assessed the usefulness of available benchmarks for
this purpose [48]. Figure 2.5 shows the range of spectrum index7 and the number of crit-
ical experiments with low-enriched uranium in the database of the ICSBEP Handbook
2011. The graph also indicates the spectrum range that is expected in debris beds of
BWRs. It can be observed that only part of this spectrum is well verified and sufficiently
represented by available critical experiments; for the lower part of the spectrum, more
experiments are needed. JAEA is working to meet this need, and the STACY critical
facility is being modified to provide adequate experimental results [99, 107]. Thus, the
criticality calculations performed in within this work will be able to be validated in the
near future once STACY criticality experiments are performed.

7The spectrum index is the ratio of thermal flux to fast flux.



Chapter 3

Debris bed model

Debris beds are the result of the corium solidification, and their characteristics are
determined by complicated interactions of the core melt with the reactor structures and
water. The FCI and the MCCI are examples of important SA phenomena with a decisive
influence on the debris bed characteristics that are still being investigated. Thus, the
conditions of the debris bed are very uncertain, can be very diverse, and strongly depend
on the accident scenario.

SA codes simulate the accident progression and can be used to estimate some debris
bed characteristics; however, the SA phenomena are extremely complicated, and such
estimations involve great uncertainty. Experiments can also reproduce on a small scale
the debris bed formation under different accident conditions and provide complementary
data. Nevertheless, the most valuable source of information is found in real accident
scenarios; debris samples, measurements, and an adequate exploration on-site are crucial
to obtain reliable information and thus, reduce uncertainty.

Given the complexity and large uncertainties linked to debris bed systems, a great
number of simplifications and assumptions must be used to model them and enable the
criticality calculations. This chapter reviews the main parameters affecting the debris
criticality and possible ways to model them, from the most conservative to more realistic
approaches. Finding an appropriate debris model is a challenging task because the high
uncertainties may easily lead to an excessive conservatism far from reality; nonetheless,
certain conservatism may be useful to spare time and effort. The objective of this chapter
is to share the state of knowledge and provide alternatives for adequate debris modeling.
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3.1 Debris bed characteristics and modeling alter-
natives

Nuclear criticality safety guides provide general information for the prevention of criti-
cality accidents, explaining, among other things, the factors affecting criticality [59, 94].
Based on that, the debris parameters that may have a relevant influence on the criticality
are:

• Debris bed mass.

• Debris bed composition: corium composition, fuel enrichment, fuel burnup, and
presence of structural materials like Zircalloy, steel, control rods, or concrete.

• Debris density.

• Debris temperature.

• Moderator/coolant conditions: type of water (light water, heavy water, seawater),
temperature, void fraction, boration, etc.

• Physical configuration: internal structure (porosity, particle size, shape, and ar-
rangement) and external structure (debris shape and surroundings, configuration
of fuel, moderator, and reflector materials).

A qualitative analysis of these parameters is made below. Modeling concerns and mod-
eling alternatives with several levels of conservatism are also discussed. Figure 3.1 sum-
marizes them.

3.1.1 Debris bed mass

Increasing the debris mass has a positive reactivity effect because it reduces the neutron
escape out of the system. The effective multiplication factor keff increases with the mass
up to a certain limit where the mass is so large that the neutron leakage is negligible.
At this point, the system is considered infinite and keff = k∞ (infinite multiplication
factor). From a modeling and computing point of view, assuming that the debris has
infinite extension is very simple and economical; it is achieved by using perfect neutron
reflectors surrounding the nuclear system. On the other hand, such an assumption is
excessively conservative in most cases. Thus, the possible mass accumulations inside the
reactor should be estimated. The total debris mass will depend on the severity of the
accident, i.e., the percentage of the core that melted down, and the initial core inventory.
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After a SA, several debris beds may exist in different locations: in-vessel (core region
or lower head) and ex-vessel (at the pedestal floor inside or outside). With a few excep-
tions, the neutronic of in- and ex-vessel debris beds will be decoupled. If that occurs,
the neutrons do not travel from one debris to another but get lost in between, and both
nuclear systems can be considered independent. Consequently, the criticality could be
studied separately, and the masses would not add up to a critical mass. After TMI-2,
a conservative assessment demonstrated that if there was an ex-vessel debris, this and
the in-vessel debris would be effectively neutronically decoupled mainly due to the large
separation distances and the presence of significant separation materials between both
debris accumulations [33].

In Fukushima reactors, the debris bed distribution has been estimated with SA codes,
muon tomographies, and additional reactor data. First surveys and observations in
the PCV have been accomplished; however, the radiation levels inside the reactor are
extremely high, and incursions are still challenging. The estimated conditions inside the
reactor are very severe: almost the whole core melted down (at least in Unit 1), and
most of the debris beds are very likely accumulated at the pedestal floor in the three
damaged reactors (ex-vessel scenario). Table 3.1 collects the estimation ranges of the
debris mass at different core regions and the typical or most probable values for each
case [47][79]. Future advances with on-site surveys will provide more accurate data and
the estimations will be improved.

Table 3.1: Estimation of debris amount and distribution in Fukushima damaged reactors
[47][79]

Location Unit 1 (tons) Unit 2 (tons) Unit 3 (tons)

RPV Core region 0-3 [0] 0-51[0] 0-31 [0]
Lower head 7-20 [15] 25-85 [42] 21-79 [21]

PCV Pedestal inside 120-209 [157] 102-223 [145] 92-227 [213]
Pedestal outside 70-153 [107] 3-142 [49] 0-146 [130]

Total 232-357 [279] 189-390 [237] 188-394 [364]

[ ]: Typical value

For a conservative criticality assessment, the maximum values of the estimated mass
ranges can be used; the typical values of debris bed masses would provide more realistic
results.
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3.1.2 Debris bed composition

Debris beds mainly consist of fuel, structural materials, and to a lesser extent control
materials, which are also the major components of LWR cores. PWR cores contain
mainly UO2 (78 wt%) and Zircaloy (16 wt%). Stainless steel, Inconel, Ag-In-Cd control
rod material, and Al2O3 used in the burnable poison rods comprise the remaining 6
wt%. For a BWR, the major components are also UO2 (68 wt%) and Zircaloy (24 wt%).
The remaining materials (8 wt%) are primarily stainless steel and B4C from control rods
[44].

In very severe accidents such as Fukushima, not only the core structures meltdown,
also other major components of the reactor as the reactor vessel may collapse and become
part of the corium. Similarly, if the corium falls on the pedestal, it may cause the ablation
of concrete, and large quantities of this material may also mix with the fuel.

From the point of view of criticality safety, four relevant points concerning the debris
composition should be treated carefully:

• Characteristics of fuel at the moment of the accident, i.e., original inventory and
burnup history. The fuel isotopic composition is the base of any criticality calcu-
lation.

• Neutron absorbers closely mixed with fuel, i.e., control materials (Ag-In-Cd or
B4C) and burnable poison (e.g., Gd2O3). Even very small quantities of these
materials can make a dramatic difference in the criticality results.

• Extent of MCCI. The presence of concrete in the debris bed may enhance the
neutron fission under specific circumstances.

• Heterogeneity of the system. In particular, the grade of mixing of certain materials
with fuel may have a significant impact on the criticality results.

In relation to the last point, a stochastic geometry capability has been implemented in
most Monte Carlo codes, e.g., MVP [71], Serpent [96], and MCNP [1]. Although these
capabilities were originally developed to improve the modeling of pebble bed reactors,
they can also be used to model debris beds. They allow generating geometrically random
distributed fuel particles within a matrix. Thus, the heterogeneous composition of debris
beds can be modeled by assuming different fuel/material batches within a water matrix.

3.1.2.1 Fuel

The type of fuel most widely used today in nuclear reactors is low-enriched uranium
dioxide (UO2). Less common is the use of MOX fuel, which consists of a mixture of
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plutonium and uranium oxides (UO2/PuO2). The neutronic behavior of both fuels is
different [120]. Besides the type of fuel, the initial uranium enrichment and burnup
at the moment of the accident will determine the isotopic composition of the fuel in
debris beds. These vary depending on the reactor type, the specific fuel design, the fuel
management scheme, and the kind of burnable poison used.

Fukushima damaged reactors contained 9x9 STEP-3 BWR fuel assemblies (see Table
3.2).

Table 3.2: Fuel type and number of assemblies in Fukushima reactors [78]

Reactor No. assemblies Fuel Mass (tHM)

Unit 1 400 UO2 69
Unit 2 548 UO2 94
Unit 3 548 UO2 + MOX* 94

(*) 32 assemblies

Fuel enrichment The original core design determines the enrichment of the fuel. To
achieve an optimal power distribution in LWRs, fuel rods with several enrichments,
typically between 3 to 5 wt%, are loaded and graded spatially.

The original loading of Fukushima reactor cores included six different initial enrich-
ments that make an average of 3.7 wt% 235U (see initial inventory in Table 3.3).

Table 3.3: Initial inventory of assemblies in Fukushima reactors [77]

Enrichment (wt% 235U) Mass (kgU)

4.9 9.6
4.4 76.8
3.9 28.8
3.4 19.2
2.1 9.6

3.4 (Gd)* 26.9
Total 170.9

(*) Rods containing 5 wt% Gd2O3

Heterogeneous models with several fuel batches randomly distributed may be used
for a very realistic representation [72]. Nonetheless, in the absence of evidence pointing
to the contrary, considering the average enrichment is a good approach for criticality
safety analysis in debris beds. In the criticality evaluations performed after the TMI-2
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accident, the enrichment of the fuel was that corresponding to the homogeneous mixture
of the different fuel batches. Later on, defueling records and debris samples analyses
indicated that the assumed homogeneity of the core debris was appropriate [33]. An
increase in the fuel enrichment (i.e., atomic density of fissile isotope 235U) has a strong
positive effect on the reactivity of the system; thus, considering an enrichment higher
than average would be conservative.

Fuel burnup The irradiation of nuclear fuel during the reactor operation leads to a
reactivity reduction. The most important reactivity effects due to the transmutations
occurring during fuel burnup are:

• Destruction of fissile atoms.

• Production of neutron-absorbing nuclides (fission products and non-fissile actinides).

• Production of fissile actinides such as 239Pu and 241Pu.

• Destruction of burnable poison if present (e.g., Gd).

All effects contribute to the reactivity reduction except the production of fissile actinides
and the destruction of burnable poisons, which add positive reactivity to the system but
not enough to outweigh the negative contributions of the other effects [84].

In the past, assuming fresh fuel was a common practice in criticality safety analysis
because it was conservative and made the evaluation much easier. Currently, there is
a clear tendency to run away from excessive conservatism, and taking credit for the
burnup in irradiated fuels is recommended. For that, the spent fuel composition must
be determined using depletion analysis. To facilitate the analyses, and depending on
the level of detail/accuracy desired, several categories of burnup credit can be used.
These are (from most conservative to most accurate): accounting for fissile depletion
only, actinide depletion only, actinide depletion with limited FPs, or all isotopes.

Given the above, the fuel isotopic composition can be accurately calculated at any
time if the operation history of the reactor is well known. This composition is heteroge-
neous within the reactor core and depends on the reactor loading pattern, but an average
value can be considered for the criticality calculations in debris beds. The adequateness
of this assumption will depend on the melted assemblies and the mixing grade during
the accident progression. The defueling experience at TMI-2 showed that assuming a
homogeneous debris composition was a right approach [33], at least for this particular
debris. Recent studies have incorporated debris models with random distributions of
different fuel batches [39, 72]; no significant differences were appreciated between the
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heterogeneous and homogeneous fuel models. In conclusion, assuming an average bur-
nup value with certain conservatism (e.g., considering actinide depletion with limited
fission products) seems to be a reasonable solution to this modeling issue.

The current fuel burnup achieved in reactors is up to about 50 GWd/t. In Fukushima
reactors, the average burnups at the moment of the accident were: 25.8 GWd/t in Unit
1, 23.1 GWd/t in Unit 2, and 21.8 GWd/t in Unit 3 [78]. More detailed data about the
burnup conditions of Fukushima reactors are found in Table 3.4. Very detailed estima-
tions of fuel composition at different times after the Fukushima accident in the damaged
reactors have been already performed by JAEA [78]. The corresponding isotopic com-
positions are given in Appendix B, together with a brief explanation of the nuclides
considered for the criticality safety calculations performed through this work.

Table 3.4: Burnup conditions in Fukushima reactors [78]

Unit 1
(GWD/t : no. assemblies)

Unit 2
(GWD/t : no. assemblies)

Unit 3
(GWD/t : no. assemblies)

5.2 : 64 3.3 : 116 4.7 : 148*
15.2 : 64 15.8 : 116 15.5 : 112
24.2 : 80 26.0 : 120 28.5 : 140
33.3 : 68 35.2 : 120 36.2 : 112
37.5 : 64 40.6 : 76 40.5 : 36
40.2 : 60

(*) Includes 32 MOX assemblies

3.1.2.2 Impurities

Impurities are all those materials other than fuel that are present in debris beds. Most
of them are structural materials from the reactor, and a small part consists of control
material from control rods or burnable poison.

The presence of impurities has normally a negative reactivity effect. Nonetheless,
recent studies warn about the good moderation capacities of concrete, which may add
positive reactivity to the system in some circumstances [49, 117]. In any case, if credit
is taken for impurities, a more reasonable representation of the debris bed criticality
characteristics will be achieved.

Table 3.5 shows quantitative estimations of the possible amount of impurities in the
debris beds at Fukushima Unit 1 made by IRID [47, 79] (also available for Unit 2 and
Unit 3). It is noteworthy the great proportion of impurities, especially in the ex-vessel
debris bed.
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Table 3.5: Estimation of debris distribution and composition in Fukushima Unit 1 [47, 79]

Estimation range [Typical value] (ton)
Location Fuel (UO2) Struct. mat. Concrete Total %

RPV Core region 0-3 [0] 0 [0] 0 [0] 0-3 [0] 0
Lower head 1-11 [9] 6-9 [6] 0 [0] 7-20 [15] 5

PVC Pedestal inside 31-55 [45] 34-53 [34] 55-101 [78] 120-209 [157] 56
Pedestal outside 12-32 [22] 22-53 [33] 36-68 [52] 70-153 [107] 38

Total 76 [76] 62-15 [73] 91-169 [130] 232-357 [279] 100
% 27 26 47 100

Structural materials Major structural parts of water reactor cores are made nor-
mally of stainless steel (SS) and Zircaloy (Zry). Stainless steel has better physical and
mechanical properties, and it is used in most LWR vessels. Zircaloy has better nuclear
properties (the neutron absorption is about twelve times smaller than steel), and it is
normally preferred as cladding. Consequently, the presence of Zircaloy in debris beds
does not provide a significant reactivity effect. On the contrary, the stainless steel does
have a negative contribution, and it should be considered in realistic criticality assess-
ments, particularly if the SA involves damages of the RPV, in which case the debris may
contain a significant amount of iron.

A recent study has demonstrated that the mixing ratio of stainless steel with fuel in
the debris bed has a strong negative reactivity effect [72]. Thus, assuming that fuel and
stainless steel are mixed homogeneously is not conservative and should be taken into
account when modeling.

In ex-vessel accident scenarios, the molten corium may interact with the concrete
at the pedestal floor, forming debris beds with a significant amount of concrete. The
major ingredient of concrete is silicon dioxide (SiO2), which has a small neutron absorp-
tion cross section but also some moderator capacities, as recent studies demonstrated
[49, 117]. These studies assumed conservatively standard concrete, which has bound
water inside. The bound water is actually released during MCCI, and more realistic
assessments should not consider it (see Chapter 5).

The presence of structural materials estimated in Fukushima debris beds is very high
(> 50%) [47, 79], especially in Unit 1 (see Table 3.5), where the conditions are most
severe. The failure of the RPVs and subsequent concrete abrasion have caused a great
accumulation of structural materials, which have mixed with corium forming the debris
beds. In case of a less severe accident where the debris bed is retained in-vessel, the
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proportion of impurities expected inside the debris would be much lower. That was the
case at TMI-2, where debris samples revealed 27-28% of impurities against 72-73% of
UO2 [33].

Control materials Control rods are made of strong neutron absorbers such as silver-
indium-cadmium alloy (generally 80% Ag, 15% In, and 5% Cd) or boron carbide (B4C).
The presence of small amounts of these materials in a nuclear system reduces the recrit-
icality potential considerably.

Additionally, LWRs use burnable poisons to compensate for the effects of fuel bur-
nup. These are generally compounds of boron or gadolinium (e.g., Gd2O3) that are
homogeneously mixed with the fissionable material or shaped into separate lattice pins
or plates. Due to the burnup of the absorption material, the negative reactivity of the
burnable poison decreases over core life.

While burnable poisons are expected to coexist with fuel inside the debris, the dis-
tribution of control materials like boron is not well known. On the one hand, all the
TMI-2 samples evaluated after the defueling activities contained some amount of im-
purities, which were present as an integral part of the debris, including the boron [33].
Conversely, experimental investigations claim that oxide and metal would separate and
that major portions of uranium would be in the oxide phase, where the boron very
rarely resides [4]. For such a case, considering that boron coexists with fuel may lead
to an underestimation of the recriticality potential. Thus, analyzing real samples of the
debris beds under investigation is recommended to reduce the uncertainty and perform
a more accurate criticality assessment. Research is underway in order to find adequate
technologies able to provide a detailed spatial distribution of boron in debris [54].

The sensitivity analysis performed in Chapter 6 demonstrates the drastic negative
reactivity effect of boron and, consequently, the relevance of modeling it properly.

3.1.3 Debris density

An increase in debris density has the same effect as an increase of fuel enrichment; in
both cases, the result is more fissile atoms per unit volume, which up to a point has
a positive effect on the reactivity. The theoretical density of UO2 fuel is 10.97 g/cm3,
while production density is about 95% of that value, but there is no way a priori to
know how the atoms/molecules will pack together in a crystal lattice in a debris bed.

The debris density can be estimated if a composition is assumed, with all components
and corresponding atomic densities. Based on FCI experiments [61, 67, 75, 109], the true
density of the debris is always lower than this value due to the internal porosity of the
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system, which can be even reach 30-40% in some cases. The internal pores reduce the
concentration of fissile nuclei and have a negative effect on reactivity.

Until now, no data about debris density is available for Fukushima debris beds.

3.1.4 Debris temperature

The thermohydraulic parameters of the debris bed, such as temperature and density,
are intimately related and will determine the neutronic behavior of the system, and vice
versa. The system neutronics (decay heat, fission rate, ...) determines the temperature of
the debris. Simultaneously, the cross sections of nuclear reactions vary with temperature.
If the temperature increases, the nuclei move at higher speeds, increasing the probability
of resonance capture of epithermal neutrons (Doppler effect) and, therefore, decreasing
the reactivity. Additionally, the temperature directly affects the density; an increase of
temperature causes a decrease of density, which in turn, inserts negative reactivity. No
significant density changes due to temperature are expected in the solidified materials
that compound debris beds but in the moderator and coolant (changes in the void
fraction).

Temperature, density, and power profiles in the debris bed, as well as keff , can be
determined with coupled neutronic-thermohydraulic calculations. A realistic example
was calculated in Section 3.3 using the available data of Fukushima debris beds. The
objective of this analysis was to evaluate the impact of realistic thermohydraulic char-
acteristics on the criticality and find out to what extent it is recommended to describe
them accurately.

3.1.5 Coolant/moderator conditions

Light water can be a very efficient moderator in relatively small volumes and reduce
substantially the minimum amount of fissile material required to sustain a chain reaction
or even make recriticality possible in otherwise subcritical systems. For that reason,
SAM measures prescribe the use of borated water for cooling the damaged core; that
allows keeping the debris cool and stable without compromising the criticality safety.
Nonetheless, maintaining a constant concentration of boron is not always possible (see
Section 1.1.1.2). If debris beds are submerged in non-borated water, as in Fukushima,
the recriticality can be an issue and should be addressed carefully.

It is important to note that water is also a very good neutron reflector. A water
layer of approx. 30 cm thick reflects the neutrons completely; thus, if water covers the
debris bed, the neutron fission will be also enhanced.
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3.1.5.1 Water temperature and density

As explained before in Section 3.1.4, the temperature and density (or void fraction) of
the water covering the debris are closely related and can be calculated with coupled
neutronic-thermohydraulic calculations. As the temperature of the coolant increases,
its density decreases. Since the concentration of atoms is lower, neutrons suffer fewer
collisions and are more likely to escape from the debris and less likely to reach thermal
temperatures (negative reactivity effects). At the same time, the absorption rate in
moderator and coolant also decreases (positive reactivity effect); however, that effect
only becomes relevant if there is poison in the coolant or moderator (e.g., boric acid).
In such a case, the effect of any density change is magnified, and important positive
reactivity injections may occur.

In Fukushima, the temperatures in the water pool are monitored, and values under
26°C are registered. Nevertheless, a more detailed estimation of the temperature and
density profiles has been performed (see Section 3.3), concluding that assuming water
with full density may be a reasonable conservative approach for Fukushima debris beds.

3.1.5.2 Boration

10B is maybe the most important neutron absorber and appears as boron carbide (B4C)
in control rods or as boric acid (H3BO3) in solutions with coolant water. The injection of
boron in the reactor cooling system is the preferred criticality safety measure in case of a
nuclear accident. When reliance is placed on neutron-absorbing materials (e.g., boron or
cadmium), their continued presence and intended distributions and concentrations must
be controlled to ensure their effectiveness. That is not always an easy task; therefore,
solutions of absorbers must be used carefully.

In Fukushima, a boron injection system is put in place and will be used only in case
of a criticality event. Meanwhile, the debris beds are cooled with unborated water.

3.1.6 Debris bed configuration

Taking into account the geometrical configuration of the debris bed is fundamental for an
adequate criticality assessment. Morphological information is generally not predicted by
the SA codes. Thus, current knowledge has been mostly gained with experiments that
reproduce the debris bed formation at low scale under different accident conditions. Also,
data collected during TMI-2 defueling activities have provided valuable information.
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3.1.6.1 Internal structure

The topology of a debris bed depends on the debris formation process and, very spe-
cially, on the interactions between the melted corium and water. The FCI process has
been extensively investigated in numerous experiments, which have provided limited
information about prototypical configurations of debris beds and other characteristics.
FCI experiments reproduce at small scale the penetration of the molten corium into
the water accumulated at the lower plenum or cavity during a hypothetical SA, and
its subsequent settling at the bottom of the RPV or at the pedestal floor. In CCM
[109], COTELS [75], FARO [67], and DEFOR [88] experiments two fundamental types
of debris beds were observed:

• Particulate debris bed: porous debris bed consisting of particles.

• “Cake” or ingot debris bed: compact monolithic debris with low internal poros-
ity in the form of small cavities, crevices, and channels.

Both debris types were also found at TMI-2 [33]. Considering the criticality safety,
particulate debris beds are generally more dangerous because the spaces between the
particles may be filled with water, enhancing the neutron moderation.

Another important and common conclusion from experiments and real samples is
that debris beds are very heterogeneous systems, with particles of very different shapes
and sizes, irregularly arranged and non-homogeneous porosity. Numerous assumptions
must be made to model these complex structures. Traditionally, heterogeneous nuclear
systems were always homogenized in criticality safety. The homogenization facilitates
the modeling but yields non-conservative results. More recently, regular lattices and
random models are commonly used. In Section 3.2, a comprehensive analysis is carried
out, where different modeling possibilities are investigated as well as the impact of several
simplifications on the criticality. From these analysis, it was concluded that particulate
debris beds can be modeled with a reasonable good accuracy assuming spherical particles
regularly arranged in a lattice if and adequate equivalent diameter deq is chosen (a
methodology for the calculation of deq is presented in Section 3.2.3.2).

If no data about the particle size distribution is available, deq = 10.7 mm (equivalent
size of a real pellet) can be used. Experiments have demonstrated that particles smaller
than the standard pellet are more representative of debris beds; thus, such assumption
will be conservative in most cases.
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Porosity The fraction of hollow space in the debris bed is called porosity:

ε = Vhollow
Vtotal

(3.1)

According to particle packing theory, the porosity of a bed of monosized spheres varies
from 0.26 to 0.46 depending on the packing structure. In an unarranged configuration,
the porosity may vary locally and the mean value is around 0.39 [101].

In real debris beds, the irregular particle shapes and sizes also affect porosity. The
irregular shapes yield larger holes and thus higher porosity. On the other hand, different
particle sizes reduce the porosity because the smaller ones can fill the holes formed
between the bigger particles. The porosities measured in debris beds of FCI experiments
varied from 0.5 to 0.7 with most cases around 0.6 [53, 67, 109]. That means that the
porosity of prototypical debris beds may be substantially higher than the value predicted
by the particle packing theory. Furthermore, the porosity is not uniform, and debris beds
may be more compacted in the lower area.

If the debris is submerged in water, the hollow space will be filled with water, en-
hancing the neutron moderation. In these cases, the porosity has a positive effect on the
reactivity up to a point where the maximum keff is reached. In conservative assessments,
the optimal porosity is considered. Alternatively, an equivalent value εeq can be used if
supported by additional data.

3.1.6.2 External structure

Debris shape The shape of the debris bed affects how easily neutrons can escape
from it. A shape with a large surface area, such as a thin slab, favors leakage and is
safer than the same amount of fissile material in a small, compact shape such as a cube
or sphere.

Several experiments have studied the debris particle settling and sedimentation [15,
55, 60, 62]. They found that the boiling water and two-phase flow inside the bed may
act as a mechanical energy source and cause the spread of the particles in the so-called
“self-leveling” phenomenon. Depending on that, the debris may form a steep-angled
heap-like pile or rather a low-sloped mound-shaped bed.

Fuel/moderator/reflector configuration In criticality safety, it is not only impor-
tant to know which are the materials in the debris but how they are distributed. The
same material may act neutronically very differently depending on its configuration and
location in the debris bed system. For example, water may behave as moderator if it is
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intimately mixed with fuel or as reflector if it covers the debris externally. The same oc-
curs with steel, which may act as neutron absorber when coexists with fuel or as reflector
if it surrounds the debris (e.g., in-vessel debris surrounded by reactor vessel). Similarly,
concrete is one of the most common materials used for neutron shielding; however, if
mixed with fissile material, it may be a pretty good moderator.

Some conservatism may be introduced in the modeling of the debris geometry, for
example, by adding a perfect reflector surrounding the system.

3.2 Modeling the internal structure of debris beds

This section aims to find an appropriate model for the complex internal porous structure
in debris beds. The influence of the particle shape, particle size distribution, and particle
arrangement on the neutron multiplication factor is investigated as well as the impact
of possible simplifications. Different modeling alternatives are considered, and, based on
the results, their applicability ranges are discussed.

Particle shape Particles in real debris beds have irregular and very different shapes.
The effect of particle shape on the neutron multiplication factor is shown in Figure
3.2. Particles were modeled as spheres, cylinders, and cubes arranged in a regular
infinite cubic lattice. The graphics illustrate the reactivity changes caused by the particle
shape for different porosities and using the spherical particles as reference. A negative
correlation between k∞ and the surface-to-volume ratio of the particles is appreciated.

Thus, assuming spherical particles is highly recommended because it simplifies greatly
the debris modeling and yields conservative results. This simplification is very common
in criticality safety and will be used throughout all this study.

Particle size Debris beds are composed of particles of different sizes, commonly from
few μm to 2-3 cm. Each debris bed has a unique particle size distribution (PSD),
which can be defined by a discrete or continuous mathematical function that provides
information about the relative amount (typically by mass) of the particles according
to their size. Experiments performed in test facilities as DEFOR, KROTOS, or FARO
provided data about the PSD in debris beds under several formation conditions.

In this study, two hypothetical debris beds with the averaged particle size distri-
butions provided by DEFOR-A tests (PSDDEFOR) [61] and FARO L-28 experiments
(PSDFARO) [67] were considered (see Table 3.6). These debris beds were modeled in
three different ways: as a heterogeneous system of particles having a range of sizes (poly-
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Figure 3.2: Reactivity changes as function of the particle volume and porosity for dif-
ferent particles shapes (Reference: system with spherical particles)

disperse system), as a heterogeneous system of particles with uniform size (monodisperse
system), and as a homogeneous system. The appropriateness of every model is analyzed
in Section 3.2.3.

Particle arrangement In a real debris bed, the particles are arranged chaotically in
space. Models with particles randomly distributed, as well as simplified systems with
particles regularly arranged, were analyzed and compared (see Section 3.2.3.3).

Nowadays, Monte Carlo codes offer several features to reproduce stochastic particle
packings. In Serpent, the explicit particle fuel model reads the coordinates and radius of
the particles from a separate file and represents them explicitly, without any approxima-
tion [96]. In MCNP, the stochastic geometry capability provides a random displacement
of the spheres within a cubical matrix cell [1].

3.2.1 Possible simplifications

As explained before, debris beds are very complex systems that must be simplified to
reduce the computational effort associated with the criticality calculation. To model
the internal structure, simplifications at three different levels (particle shape, size, and
spatial distribution) were applied. Figure 3.3 depicts the models considered in this study
for a suitability analysis:

Realistic model Very realistic model, which consists of particles with different sizes
(defined by a PSD) chaotically distributed in water. The particles are assumed to
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Table 3.6: Particle size distributions [61, 67]

DEFOR distribution (PSDDEFOR) FARO distribution (PSDFARO)
dmin
(mm)

dmax
(mm)

Cumulative mass
fraction (%)

dmin
(mm)

dmax
(mm)

Cumulative mass
fraction (%)

7.1 12 100 10 15 100
5.6 7.1 96.9 6 10 85.6
4.7 5.6 88.7 4 6 68.3
4 4.75 81.9 2 4 58.5

3.55 4 69.9 1 2 38.59
2.8 3.55 62.6 0.71 1 24.81
2.36 2.8 45.6 0.5 0.71 18.99

2 2.36 36.2 0.355 0.5 13.02
1.8 2 26 0.25 0.355 8.42
1.4 1.8 21.2 0 0.25 5.51
1 1.4 12.3

0.5 1 6.1
0.25 0.5 1.9
0.1 0.25 0.7
0 0.1 0.2

be spherical.

Random model All particles have spherical shape and uniform size. The coordinates
of each particle are generated randomly, resulting in a chaotic distribution.

Regular lattice model The fuel particles are monosized spheres regularly arranged in
space. Typical 3-D regular lattices are SC (Simple Cubic), BCC (Body-Centered
Cubic), or FCC (Face-Centered Cubic).

Homogeneous model Fuel and water are homogeneously mixed, forming a system
with uniform composition and properties.

Based on the literature review, the preferred and most used models are the homogeneous
and the regular lattice, which are also the most simple; however, the application borders
are still not clear. A suitability analysis is needed to clarify to what extent they are
appropriate. A better understanding of the models will allow less conservative and more
realistic criticality results.
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Figure 3.3: Possible simplifications for the neutronic modeling of the debris beds internal
structure

3.2.2 Reference model

To assess the adequacy of the simplified models described before, it is necessary to
develop a near-to-reality model (reference model), whose higher fidelity results could be
used as a reference to evaluate the accuracy of each candidate. The reference model
chosen for this study is defined as follow:

Reference model Near-to-reality model with only two simplifications: the particles are
considered to be spheres, and those with diameters equal or lower than 0.5 mm (d ≤
dhom= 0.5 mm) are mixed homogeneously with the water. It is thereby essentially
the realistic model (see Figure 3.3) with a minimal partial homogenization that
enables the computation.

A simple simulation program was developed to generate the packing of the particles.
The program was designed in the following way:

• Input: dimensions of the cubic box where particles are packed, particle size distri-
bution (PSD), and porosity.

• Body: the box is filled with spheres until the desired porosity and PSD are reached.
For that, spheres of each size interval are generated until the target mass fraction
is reached. The simulation starts with the particles belonging to the biggest-
size interval and finishes with the smallest ones. The particle coordinates are
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generated randomly within the limits of the cubic box and without considering
the gravity effects. Similarly, the particle radii are generated randomly within
the size limits of the corresponding interval. Overlapping is not allowed. On
the contrary, truncation in the box borders is possible, which ensures a uniform
porosity distribution through the whole structure.

• Output: particle sizes and coordinates.

To avoid the extremely large computing times required for the simulation of the smallest
particles (when the particle size d → 0, the number of particles n → ∞), a diameter
threshold dhom was defined, so that:

• All the particles with diameters equal to or lower than the diameter threshold (d
≤ dhom) were homogenized.

• The effect of this partial homogenization on the neutron multiplication factor (k∞)
was negligible.

Based on the conclusions obtained after the analysis of the homogeneous model (see
Section 3.2.3.1), a diameter threshold of 0.5 mm (dhom= 0.5 mm) was considered to be
appropriate.

Taking into account the minimal simplifications applied, the reference model is ex-
pected to reflect with high accuracy the criticality characteristics of a real debris bed.

The reference model was simulated in a 100 mm side cubic box for different porosities
and fulfilling two particle size distributions: PSDDEFOR and PSDFARO (see Table 3.6).
Figure 3.4 illustrates an example of the generated packings.

The Monte Carlo code Serpent [64] was used to model the simulated random packings
explicitly1 and calculate the neutron multiplication factor kref . It is important to note
that generating such an accurate system is not efficient. Large memories and computing
times are required. Although, in principle, the total number of entries (particle posi-
tions) in Serpent is unlimited, memory or running time may become a limiting factor
if the number exceeds several million. The reference model is not an effective way for
computing the criticality in debris beds; it is just a tool to find out an adequate simpler
model.

1The explicit fuel particle model is a feature available in Serpent, which reads the coordinates and
radius of the particles from a separate file and represents them explicitly, without any approximation
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Figure 3.4: Example of reference model sphere packing simulation for a porosity of 0.9
and PSDDEFOR

3.2.3 Suitability analysis

This section analyzes the suitability of the simplified debris bed models described before
by comparing the results with those obtained with the reference model. The objective
is to identify the most suitable model, i.e., the model with the best compromise be-
tween accuracy and simplicity. Figure 3.5 presents an overview of the models that are
compared.

The neutron multiplication factors, which were considered and compared in this
study, are:

kreal Unknown criticality value of the real debris bed that is being modeled.

kref High fidelity criticality value of the reference model, calculated with the explicit
model for stochastic geometries of Serpent. This model is characterized by the
PSD. Although slightly conservative, it is representative of the unknown kreal.

krandom Criticality value of the random model, calculated with the stochastic geometry
capability of MCNP6.1. This model is characterized by the particle size d, which
was varied from 0.5 mm up to 20 mm.

k lat Criticality value of the regular lattice model, calculated with MCNP6.1 (BCC struc-
ture was chosen). This model is characterized by the particle size d, which was
varied from 0.5 mm up to 20 mm.
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Figure 3.5: Characteristics of the debris bed models used for the suitability analysis

khom Criticality value of the homogeneous model calculated with MCNP6.1. The homo-
geneous configuration may be identified with the zero-size limit of a heterogeneous
configuration (d → 0 mm).

In all the cases, the neutron multiplication factor was calculated for different porosity
values ranged from 0.35 up to 0.9. Since the debris shape was irrelevant in this analysis,
only infinite media were considered (k∞). That was achieved by applying the reflective
boundary condition in the Monte Carlo codes. Thus, the debris beds were modeled as
infinite UO2-water systems. Fresh UO2 fuel with 3.7 wt% 235U and pure water at a
temperature of 20 °C were considered. The standard deviations were always kept below
0.1% for all the calculations in this study2.

3.2.3.1 Regular lattice vs. Homogeneous model

Figure 3.6 shows the results delivered by the homogeneous model (khom) and the regular
lattice model (k lat) for different particle sizes (from 0 to 20 mm). Up to a point, the
neutron multiplication factor increases with the particle size. The optimal particle size3

is above 20 mm for the most typical porosities in debris beds (< 0.7). That means
2The standard deviations are too small to be clearly appreciated in the graphs. Consequently, no

error bars are included.
3Paticle size value at which the neutron multiplication factor reaches a maximum
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Figure 3.6: Evolution of khom and k lat as a function of the particle size and porosity

that the neutron multiplication factor increases monotonically with the particle size for
the porosity and particle size ranges of interest. This positive reactivity is dominated
by the increase of the resonance escape probability [83], which in turn is determined
largely by the fuel-moderator arrangement and the enrichment of the fuel. The self-
shielding effect is a phenomenon connected with the heterogeneity of a nuclear system
(i.e., the separation between fuel and moderator), and it causes a significant increase in
the resonance escape probability. As the particle size decreases, the self-shielding effect
becomes less important; consequently, the neutron multiplication factor decreases until
reaching a minimum value when d → 0 mm (homogeneous system). Figure 3.7 illustrates
the positive reactivity changes caused by increasing particle sizes in comparison with the
homogeneous model.

Homogenization Like any other simplification, the homogenization of a hetero-
geneous nuclear system is linked to an error, which in this case is negative (non-
conservative).

From a practical point of view, a debris bed can be homogenized when the particle
size is small enough that only a negligible error is introduced. Equation 3.2 shows the
definition of homogenization error:

ehom(%) = khom − klat
klat

× 100 = k(d = 0) − k(dlat)
k(dlat)

× 100 (3.2)
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Figure 3.7: Reactivity changes as a function of the particle size and porosity (Reference:
homogeneous model)

where khom is the neutron multiplication factor of the homogeneous system, and k lat

is the neutron multiplication factor of the heterogeneous system that can be regarded
as homogeneous introducing an error ehom. d lat is the particle size of such a system.

Figure 3.8 shows those heterogeneous systems for which a complete homogenization
would introduce an error in the neutron multiplication factor of 0.5%, 1%, 1.5%, 2%,
and 3%. The heterogeneous systems are defined by the porosity and size of the particles.

As might be expected, ehom decreases significantly as the particle size gets smaller.
Additionally, for a given particle size, the error introduced becomes smaller for lower
porosities. Taking into account the typical range of particle sizes in a debris bed (from
few μm up to 2-3 cm), a total homogenization of debris beds may introduce in some cases
an unacceptably high and non-conservative error. Consequently, homogenization should
be used carefully, and more realistic alternatives for modeling should be investigated.

3.2.3.2 Regular lattice vs. Reference model

For each debris bed with porosity ε and particle size distribution PSD, there is a
criticality-equivalent debris bed consisting of monosized spheres. The particle size that
characterizes this equivalent regular lattice system is the so-called equivalent diameter
deq:

d = deq ⇐⇒ klat(d, ε) = kref (PSD, ε) (3.3)



56 Debris bed model

Figure 3.8: Particle sizes of systems that can be regarded as homogeneous and associated
error ehom

deq was calculated as a function of the porosity ε for the two distributions considered
in this study: PSDDEFOR and PSDFARO (see Figure 3.9). In both cases, deq becomes
smaller as the porosity of the simulated debris bed increases; however, this effect is more
pronounced for the debris with PSDFARO. A high deq variance means that it will be
very difficult to find a unique simplified model adequate for representing the debris bed
in the whole considered porosity range.

Equivalent diameter calculation A methodology for the calculation of the equiv-
alent diameter deq has been presented before. The downside of this procedure is the
necessity of developing a reference model, which is very time-consuming. Thus, find-
ing an alternative, simpler, and faster way to estimate deq would be very useful. The
possibility of defining the deq as a mathematical function of the PSD is discussed below.

The mean diameters of a distribution of unequally-sized spherical particles were
considered as possible candidates to be used as deq: count diameter, length diameter,
surface diameter, and volume diameter. These can be calculated with the following
general formula:

dp,q =
(∑

nid
p
i∑

nid
q
i

)1/p−q

(3.4)

where ni and d i are the number and diameter of the spherical particles in a specific
size fraction i, respectively. The parameters p and q receive different values depending
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Figure 3.9: Equivalent diameter deq

on the mean diameter being calculated (see Table 3.7).

Table 3.7: Mean diameter values

Symbol Name p,q DEFOR Value
(mm)

FARO Value
(mm)

dn Count mean diameter 1,0 0.07 0.15
dl Length mean diameter 2,1 0.39 0.23
ds Surface mean diameter 3,2 1.99 0.98
dv Volume mean diameter 4,3 3.32 4.60

Table 3.7 also shows the mean diameter values calculated for the PSDDEFOR and
PSDFARO.

The results delivered by the reference model (see Figure 3.9) estimate a deq,DEFOR

within the range [0.6-3.3 mm]. The value of the volume mean diameter dv,DEFOR is
3.32 mm, just at the upper limit of the range. Consequently, dv is a good candidate
to be used as deq for the criticality evaluation of such debris bed. On the other hand,
deq,FARO was estimated to be within a much wider range, [0-11.5 mm]. The volume mean
diameter dv,FARO is 4.60 mm, which corresponds to the estimated deq,FARO for porosities
between 0.6 and 0.65. At lower porosities, dv,FARO will provide non-conservative results.

Figure 3.10 compares the results delivered by the reference model (kref ) with those
delivered by a several regular lattices with different particle sizes (k lat), and the homo-
geneous model (khom). For the PSDDEFOR, there is a very good agreement (| ∆ρ | <
700 pcm) between the results of the reference model (kref,DEFOR) and the regular lat-
tice model with a particle diameter equal to the volume mean diameter (klat,dv=3.32).
Consequently, an adequate equivalent diameter was found for the DEFOR debris bed:
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Figure 3.10: Reactivity changes introduced by different modeling alternatives for debris
beds with PSDDEFOR and PSDFARO (Reference: Reference model)

deq,DEFOR = dv,DEFOR = 3.32mm. However, the results obtained with PSDFARO differ
significantly. In that case, no simplification approximates the real criticality behavior
of the debris bed for the whole porosity range. Different deq,FARO values should be con-
sidered depending on the porosity range of interest if very accurate results are desired.
Nonetheless, taking into account the uncertainties regarding the debris characteristics,
assuming a diameter d = dpellet = 10.7mm would provide reasonable results and conser-
vative over most of the porosity spectrum.

After the presented results, it can be concluded that polydisperse debris can be
modeled as monosized spheres if an adequate deq is chosen. However, it was proved that
not always the same value is adequate for the whole porosity range. Further particle size
distributions should be investigated as well as new debris models in order to find out if
there is a possible way to represent debris beds in the whole porosity range providing
conservative results.

3.2.3.3 Regular lattice vs. Random models

SC, BCC, and FCC are common cubic structures used in crystallography to describe the
periodic arrangement of atoms in a crystal. These sphere packings can also be used to
describe idealistically the position of the particles forming a debris bed. Regular lattice
models can be built very easily in Monte Carlo codes; furthermore, a high efficiency is
achieved in the neutron tracking routines.

The BCC lattice was chosen for the criticality calculations of the suitability analysis
presented before. In this section, new debris bed models with SC and FCC structures are
used to analyze the possible impact of the lattice on the neutron multiplication factor.
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Figure 3.11: Comparison between different lattices and a random model (Reference:
BBC model)

Additionally, a random model was generated using the stochastic geometry capability4

in MCNP (random particle translations) and is also compared with the regular lattices5.
The neutron multiplication factor was calculated as a function of the porosity and

particle size for each system. The porosity was varied from 0.476 (minimum porosity
for a SC lattice, when all the fuel spheres are in contact) up to 0.8. In Figure 3.11, the
reactivity changes are plotted for two different particle sizes and taking the BCC lattice
model as reference.

The results of the BCC model are very similar to those obtained with the other
alternatives (| ∆ρ | < 700 pcm). Overall, it can concluded that the particle size has
a higher impact on the criticality of the debris than its spatial distribution. Based on
that, any of the proposed options can be used for assessing the criticality in debris beds
if an adequate particle size is chosen. Nonetheless, it is important to take into account
that SC lattice cannot cover porosities smaller than 0.476; consequently, its use for the
modeling of debris beds is limited. BCC reaches a minimum porosity of 0.32, which
is considered small enough in most cases since debris beds with lower porosities are
not usual. The minimum porosity physically achievable with monosized spheres is 0.26
(highest density packing) and can be reached with a FCC lattice. New options should be
investigated to model very compact debris beds (ε < 0.26). Additionally, it is important
to underline that the stochastic capability used for the random model provides only
a limited randomness; thus, new random models with completely chaotic distributions
should be considered in the future.

4The URAN card provides a limited capability of modeling stochastic geometry in MCNP6
5The random model was based on a SC lattice but includes some random transformation to the

geometry each time a neutron enters the lattice element (debris particles).
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3.3 Modeling the thermohydraulic characteristics of
debris beds

In this section, coupled neutronic-thermohydraulic calculations are performed to obtain
realistic temperature, density, and power profiles in debris beds. The objective is to
evaluate the effect that simplifications in thermohydraulic characteristics (i.e., tempera-
ture and density) may have on the criticality. That will determine whether the coupled
calculations are meaningful for assessing the criticality of debris beds.

The thermohydraulics and neutronics of a nuclear system are interdependent. Both
temperature and density play a decisive role in the criticality assessment and are required
as input parameters for the neutronic calculations. They can be calculated with a
thermohydraulic code, which, in turn, needs as input the power profile resulting from
neutronic simulations. The exchange of data between both codes is required to solve
this problem.

The neutronic code MCNP6.1 was coupled with COCOMO [11], a thermohydraulic
code developed at IKE (Institut für Kernenergetik und Energiesysteme), at the Uni-
versity of Stuttgart. COCOMO is a calculation tool able to simulate the processes
occurring during the melt relocation into a water-filled reactor cavity, including melt
jet fragmentation, melt-water mixing, debris bed formation, and cooling by means of
integrated modeling covering all the relevant interactions. Figure 3.12 shows a scheme
of the coupling and calculation process.

The scope of this thesis is limited to stationary calculations. Consequently, only
subcritical configurations can be considered for the coupled calculations. In this case,
the feedback effect of the neutronics on the thermohydraulics is determined by the decay
heat Pd and a power component P, which is mainly produced by fission reactions of the
neutron source present in the debris bed. Coupled calculations will only be meaningful
if the the power P generated by the neutron source is comparable with the order of
magnitude of the decay power Pd for which thermohydraulic analyses still make sense
(e.g., evaporation still occurs in the packed bed).

As an example, coupled calculations were perfomed for the debris beds at Fukushima.
A closer view to the main calculations and results is provided below.

3.3.1 Decay heat in debris bed

After the accident, once the reactor shuts down, the main source of heating is the energy
released by radioactive decay. The decay heat varies with time after the shut-down and
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Figure 3.12: Calculation process for MCNP-COCOMO coupling

can be calculated theoretically from known nuclear data; it depends on the reactor power
history and fuel type. JAEA calculated the decay heat in Fukushima damaged reactors
and spent fuel pools for different times after the accident [78].

The decay power inside the debris bed can also be estimated with the Wigner-Way
formula [121]:

Pd(t) = 0.0622 · P0 ·
[
t−0.2 − (t− to)−0.2

]
(3.5)

where Pd(t) is thermal power generation due to beta and gamma rays, P0 is the nom-
inal power before the shutdown, t0 is the irradiation time of fuel before the shutdown,
and t is the time elapsed since the shutdown.

This formula uses a single half-life that represents the overall decay of the core over
a certain period of time and provides a rough approximation.

Figure 3.13 shows the decay heat values calculated by JAEA after the accident in
Fukushima damaged reactors. The values of Unit 2 and 3 are practically identical and
overlap each other. They are slightly higher than the decay heat of Unit 1, which is a
smaller reactor with lower thermal power. These values were used as initial debris power
density to start the calculations.

3.3.2 COCOMO calculations

COCOMO provides the temperature and density profiles within the debris bed once the
power density and some boundary conditions are given:

• Total debris mass: conservatively, the total core masses were considered to be
packed as debris bed, i.e., 78.29 t in Unit 1 and 106.65 t in Unit 2 and 3.
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Figure 3.13: Decay heat Pd(t) at Fukushima damaged reactors after the accident [78]

• Debris density: conservatively, a debris bed without structural materials and an
averaged density of 10.43 g/cm3 was considered.

• Final debris shape: a conical shape with 30° repose angle was chosen for the
calculations and a flat surface radius of 1 m.

• Debris porosity: an averaged porosity of 0.38 was assumed.

• Particle diameter: an equivalent diameter of 3 mm was used.

• Reactor cavity dimensions: 6 m diameter and 8 m height.

• Water height: 5 m.

• Calculation grid: a cylindrical mesh was chosen (△R = 0.2m; (△z)debris = 0.1m;
(△z)water = 0.1m; (△z)air = 0.2m; one cell in azimuthal direction φ).

For the first calculations, only the decay heat Pd(t) calculated by JAEA and uniformly
distributed was considered (i.e., no neutronic feedback).

Figure 3.14 shows the debris bed model in COCOMO for Fukushima Unit 1. The
cylindrical grid is illustrated as well as the three main zones of the model: debris bed,
water pool, and air. Some examples of temperature and void fraction profiles are plotted
in Figure 3.15. Nowadays (about ten years after the accident), the impact of the decay
heat in the temperature and void fraction is very small. The decay heat has decreased
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Figure 3.14: Debris bed model in COCOMO

so much that the void fraction in water is practically negligible, and the temperature
inside the debris is only two degrees higher than the room temperature.

The results obtained for Unit 1, 2, and 3 debris beds at different times after the
Fukushima accident were input in MCNP to calculate the neutronic characteristics of
such systems. For that, a program was generated to automatize the data transfer be-
tween both codes.

3.3.3 Neutron source in debris bed

The main power component P that determines the feedback from neutronics into ther-
mohydraulics is mostly due to fission reactions of the neutron source in the debris bed.

The neutron source is generated by:

• Spontaneous fission (SF): form of radioactive decay that is found in very heavy
chemical elements (radionuclides of high mass number A ≥ 230, i.e., actinides
such as Cm). SF involves the spontaneous non-induced splitting of the nucleus
into two nuclides or fission fragments and the simultaneous emission of more than
one neutron on average.

• (α,n) reactions: the alpha radiation emitted from the decay of the uranium (and
its decay products) can initiate this type of nuclear reaction after knocking some
low-atomic-weight isotopes (target nucleus, e.g., isotopes of Li, Be, B, C, N, and
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Figure 3.15: Temperature and water void fraction profiles in ex-vessel debris bed at
Fukushima Unit 1 calculated with COCOMO

O), which are transformed into other nuclides while emitting a neutron. This
neutron source becomes significant when the alpha emitter is finely interspersed
within the absorber or target material.

SOURCES 4C [125] is a computer code that determines neutron production rates and
spectra from (α,n) reactions, spontaneous fission, and delayed neutron emission due
to radionuclide decay. The code provides the magnitude and spectra of the resultant
neutron source as well as an analysis of the contributions by each nuclide in the problem.
It was used to calculate the neutron source in the debris beds at 1FNPS based on the
estimated core compositions of the damaged reactors [78].

The values of the neutron sources at Fukushima Unit 1 are shown in Table 3.8 as
well as the contributions of the different isotopes. Only 17O and 18O were considered
relevant target nucleus of the (α,n) reactions (elements such as Li, Be, B, C, or N are
not expected to be closely mixed with fuel in Fukushima reactors). The flux of neutrons
per unit volume is provided, assuming an averaged density of 10.43 g/cm3. These values
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were used to input the neutron source in MCNP6 code together with the temperature
and density profiles delivered by COCOMO.

Table 3.8: Neutron source at 1FNPS Unit 1 calculated by JAEA [78] and SOURCES
4C

Alpha
sources

SOURCES
4C JAEA [n/s]

1h 1h 30d 180d 1y 5y 10y
238U 6.91·103 6.91·103 6.91·103 6.91·103 6.91·103 6.91·103

238Pu 1.19·108 1.21·108 1.25·108 1.28·108 1.26·108 1.21·108

239Pu 1.38·107 1.39·107 1.39·107 1.39·107 1.39·107 1.39·107

240Pu 1.82·107 1.82·107 1.82·107 1.82·107 1.82·107 1.82·107

241Am 1.46·107 1.53·107 1.91·107 2.36·107 5.55·107 8.74·107

243Am 5.76·105 5.76·105 5.76·105 5.76·105 5.82·105 5.82·105

242Cm 3.23·109 2.87·109 1.52·109 6.90·108 2.07·106 6.63·105

243Cm 9.98·105 9.96·105 9.87·105 9.74·105 8.84·105 7.83·105

244Cm 8.35·107 8.32·107 8.19·107 8.04·107 6.90·107 5.69·107

Total
[n/s/cm3] 283.20 292.12 261.37 148.82 80.11 24.00 25.13

SF SOURCES
4C JAEA [n/s]

1h 1h 30d 180d 1y 5y 10y
238U 8.28·105 8.28·105 8.28·105 8.28·105 8.28·105 8.28·105

238Pu 1.94·107 1.97·107 2.04·107 2.08·107 2.06·107 1.98·107

242Pu 9.57·107 9.58·107 9.58·107 9.58·107 9.58·107 9.59·107

242Cm 3.40·107 3.40·107 3.40·107 3.40·107 3.40·107 3.40·107

244Cm 1.01 ·
1010

1.00 ·
1010 9.87·109 9.68·109 8.30·109 6.86·109

246Cm 3.99·107 3.99·107 3.99·107 3.99·107 3.99·107 3.98·105

252Cf 0 0 0 0 0 0
Total

[n/s/cm3] 2261.00 2174.39 2021.68 1459.67 1108.17 712.91 590.99

In subcritical systems, the neutron source is amplified by a factor 1
1−keff

. That means,
that the P component will only be considerable for keff values very close to 1.

3.3.4 MCNP calculations

The previously calculated neutron rates and spectra were introduced in MCNP6.1 as
neutron sources for the respective systems. At the same time, the material density
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and temperature profiles provided by COCOMO were processed and coupled also with
MCNP6.1. Fuel and water were homogenized and no structural materials were consid-
ered. Spent fuel with the estimated compositions in Units 1, 2, and 3 after the accident
were used for the calculations (see isotopic compositions in Appendix A). Once the debris
bed models were created, the energy deposition was calculated for every mesh cell.

The results of this analysis are presented in Figure 3.16. The integral values of the
power P deposited in the whole debris were calculated and compared with the decay
heat Pd in the debris at different times after the accident. The power generated by the
neutron source is always at least two orders of magnitude lower than the power released
by radioactive decay. Based on this results, it can be concluded that the neutronic
feedback would be so small that is not worth considering.

Additionally, the values of keff over time are plotted in Figure 3.17. keff is in all
cases lower than 0.93. These values are not close enough to 1 to make it worthwhile to
consider the effects of coupling.

Because of the aforementioned findings, further coupled calculations are not mean-
ingful in the scope of this thesis. Room temperature and pure water with no void fraction
will be assumed for all the criticality calculations further on.

Figure 3.16: Comparison between decay power Pd and neutron source additional power
P for several times after the accident



3.3 Modeling the thermohydraulic characteristics of debris beds 67

Figure 3.17: keff values in Fukushima damaged reactors at several times after the acci-
dent





Chapter 4

Conservative criticality evaluation of
debris beds

In this chapter, a conservative criticality evaluation of the debris beds at Fukushima
Daiichi is performed. Several of the most influencing parameters on the neutron multi-
plication factor were studied: particle size, porosity, debris size/mass, fuel composition,
and boration of water. As the fuel debris conditions are still uncertain, wide ranges of
the selected parameters were considered to cover any possible debris bed configuration,
and conservative assumptions were applied. The presence of concrete in the debris beds
is not contemplated in this chapter. Given the importance of concrete in the criticality
assessment of ex-vessel debris beds that are formed after the MCCI, a complete chapter
was devoted to this topic (see Chapter 5).

The results show under which conditions the criticality safety is ensured (safety
parameter ranges) or the quantity of boron that should be added to the coolant to
prevent it.

4.1 Calculation model

4.1.1 Geometrical model

4.1.1.1 Infinite debris bed

Figure 5.1a shows the debris bed model used for the computation of the infinite neu-
tron multiplication factor (k∞). The debris is represented as a heterogeneous structure
consisting of fuel particles submerged in water. The infinite extension is achieved by
applying the reflection boundary conditions in the neutronic code MCNP6.1 [31].



70 Conservative criticality evaluation of debris beds

(a) Infinite debris model (b) Finite debris model

Figure 4.1: Debris bed models

Regarding the internal porous structure of the debris, the following simplifications
were applied:

• The particles are spherical.

• All particles have the same size.

• The particles are regularly arranged in the space following an FCC lattice.

The suitability of these simplifications was demonstrated in the previous chapter (Section
3.2). In this study, the particle size was a parameter, and the pitch p of the FCC unit cell
was used to vary the porosity of the debris. It is important to note that the minimum
porosity physically achievable for an FCC system is 0.26 (when all the fuel spheres are in
contact). To model systems with lower porosities, the density of the water was reduced
accordingly. It was proved that reducing the water density has the same effect on the
neutron multiplication factor as reducing the water volume, i.e., the porosity. Alternative
ways for the modeling of very compact debris bed systems need to be further investigated
in future works.
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4.1.1.2 Finite debris bed

Figure 5.1b shows the model used to represent finite debris beds and calculate the
effective neutron multiplication factor (keff ). The internal structure is identical to the
one described before, but now it is contained in a limited area. For conservative results,
the shape of the whole debris bed was spherically arranged to minimize the neutron
leakage and the critical mass. Surrounding the fuel debris, there is a water reflector of
effectively infinite thickness (approx. 30 cm). Outside this area, there is only void. The
debris size was also varied to analyze the evolution of the keff and to calculate the safe
fuel mass limit (SFML) for different scenarios.

4.1.2 Debris bed composition

Several types of fuel were considered for the calculations in this study:

• Fresh fuel with enrichment ranged from 2 up to 5 wt% 235U (based on the initial
uranium inventory of “BWR STEP3” assembly resumed in Table 3.3).

• Spent fuel with burnup ranged from 12 up to 50 GWd/tHM (based on the burnup
history of 1FNPS reactors resumed in Table 3.4).

The isotopic compositions used for the calculations are collected in Appendix B. For the
spent fuel, the nuclide compositions were taken from the international burnup calculation
benchmark report for the “BWR STEP3” fuel assembly published by NEA [77], and the
estimation of fuel compositions in 1FNPS published by JAEA [78]. Both actinides and
FPs were considered in the calculations (for details about the selection of nuclides see
Appendix B).

It was conservatively assumed that there was nothing present in the fuel debris but
fuel pellets and water. Thus, the negative reactivity effects due to the possible presence
of cladding, fixed absorbers, and structural materials were ignored. The presence of
concrete and formation of MCCI products is investigated in detail in Chapter 5.

4.1.3 Coolant composition

Light water was used as coolant/moderator. Room temperature and standard atmo-
spheric pressure were assumed for all the calculations of this study. Based on the results
obtained in Section 3.3, no void fraction was considered. Thus, the density of the water
was set to 0.997 g/cm3.

Boron was added in every scenario in order to know the required concentration that
would guarantee the subcritical condition of the debris.
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4.2 Criticality calculations

Criticality calculations were performed for multiple scenarios using the calculation mod-
els described before. Five parameters were investigated: particle size, porosity, debris
size, fuel composition, and water boration. The parameters and ranges of variation are
summarized in Table 5.2.

Table 4.1: Parameter and ranges for the criticality calculations

Parameter Range Boundary value

Particle size 2 - 30 mm 10.7 mm
Porosity 0 - 0.9 Optimal porosity
Debris size 10 - 300 cm Infinite
Fuel composition

- Enrichment 2 - 5 wt% 235U Spent fuel with 12 GWd/tHM- Burnup 0 - 50 GWd/tHM
Water boration 0 - 15000* ppm B 0

* Not practicable. The maximum solubility is about 12000 ppm B in water

To analyze all the possible dependencies between these parameters, they all were
combined by pairs resulting in a total of ten possible combinations or calculations sets.
In each calculation set, the paired parameters were varied over their whole ranges, while
the rest of parameters had a fixed conservative boundary value (see Section 4.2.1). The
neutron multiplication factor was then calculated for all the possible combinations. In
total, more than 10,0001 simulations were carried out using MPI parallelism at Hazel
Hen supercomputer.

Table 5.3 sums up the criticality calculations of this study. Gray cells show the
variation ranges of the paired parameters for each calculation set. The values of the
remaining parameters, which define the boundary conditions of a given set, appear in
the white cells. For example, in the calculation set 2, the particle and debris size are
combined; particle size varies from 1 to 30 mm and debris diameter from 10 up to 300
cm. keff is calculated for all the possible combinations of these two parameters, while the
rest maintain their boundary values: porosity is set to the optimal value that maximizes
the keff , no boration is considered, and the fuel composition is the corresponding to
Fukushima fuel with 12 GWd/tHM.

1Many of these calculations were aimed at calculating the optimal porosity for each of the parameter
combinations
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Table 4.2: Criticality calculations matrix

Calc.
Set

Particle
size

[mm]

Porosity
[-]

Debris
size [cm]

Fuel composition Water
boration
[ppm B]

Enrichment
[wt% 235U]

Burnup
[GWd/tHM]

1 2 - 30 0.32 - 0.9 Inf. - 12 0
2 2 - 30 Opt. 10 - 300 - 12 0
3 2 - 30 Opt. Inf. 0 - 5 12 - 50 0
4 2 - 30 Opt. Inf. - 12 0 - 3000
5 10.7 0.32 - 0.9 10 - 300 - 12 0
6 10.7 0.32 - 0.9 Inf. 0 - 5 12 - 50 0
7 10.7 0.32 - 0.9 Inf. - 12 0 - 3000
8 10.7 Opt. 10 - 300 0 - 5 12 - 50 0
9 10.7 Opt. 10 - 300 - 12 0 - 3000
10 10.7 Opt. Inf. 0 - 5 12 - 50 0 - 15000

MCNP6.1 code [31] and ENDF/B-VII.1 [13] cross section libraries were used to per-
form the criticality calculations. The standard deviations of the neutron multiplication
factors were always kept below the 0.1%. For that, a neutron source of 4000 histories
per cycle with a total of 300 cycles (100 skipped) was used for every single calculation.

4.2.1 Parameter conservative assumptions

Each calculation set studies the influence of two parameters on the keff . The rest of
parameters are then set to conservative values (conservative boundary conditions).

The boundary value of the particle size was set to 10.7 mm in order to preserve the
normal pellet surface-to-volume ratio. This value is not the optimum that maximizes the
keff . In fact, previous analyses have demontrated that the optimal particle size for UO2

particles moderated with water is greater than a standard-size fuel pellet (see Section
3.2.3.1). However, defueling experience and debris formation experiments have indicated
that particles much smaller than standard size pellets are representative of the debris
bed [61, 67, 75, 109].

The conservative value of the porosity was set to the optimal porosity that maximizes
the keff . This value is different for every scenario and was calculated separately every
time. The porosity in debris beds can change easily and considerably over time, for
example, during the defueling activities. For that reason, taking the most conservative
approach was considered appropriate in this case. Appendix C explains the evolution of
the optimal porosity in dependence of several parameters.



74 Conservative criticality evaluation of debris beds

Regarding the debris size, an infinite configuration was considered as conservative
boundary condition.

Spent fuel with a burnup of 12 GWd/tHM was chosen as boundary value for the
fuel composition. This value is significantly lower than any of the averaged burnups
at Fukushima reactors (25.8 GWd/tHM in Unit 1, 23.1 GWd/tHM in Unit 2, and 21.8
GWd/tHM in Unit 3). Assuming fresh fuel is more conservative, but the results would
be very far from reality.

Finally, the amount of boron in water was conservatively set to zero. Assuming pure
water without boron and no void fraction maximizes the neutron multiplication factor.

Based on the theory of K. Jamali [52] (see Section 2.2.3.2), the results obtained
with these assumptions are expected to be very conservative, since more than one or
two relevant parameters are always set to their bounding values (most conservative
extremes)2.

4.2.2 Criticality acceptance criterion

An acceptance criterion of keff < 0.95 (USL) was applied throughout all this work,
i.e., a 5% margin to criticality (MOS) (see equations 2.16 and 2.17). That means that
the calculated neutron multiplication factor keff must be less than 0.95, including all
uncertainties and tolerances, to ensure subcriticality. Any modeling uncertainties are
covered by setting relevant parameters to pessimistic values (conservative evaluation).
In the absence of experimental data, the bias was assumed to be zero; this value should
be reassessed in the future once data is available. That is the conventional criterion for
subcriticality assessment, recommended also by the Nuclear Safety Standards Commis-
sion (Kerntechnischer Ausschuss, KTA) [80].

4.3 Results

Some of the most important results of the previously explained criticality calculations
will be shown and discussed in this section.

Figure 4.2 corresponds to the calculation set 4 and shows the evolution of the neutron
multiplication factor as a function of the particle size and the water boration. Two
different representations of the results can be distinguished: a 3D criticality surface on
the left side and a contour criticality plot on the right side.

2The calculation sets 1, 5, 6, 7 (see table 5.3) can be non-conservative if there is concrete in the
debris bed (see Chapter 5).
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Figure 4.2: Evolution of k∞ as a function of the particle size and boron concentration
in water

k∞ decreases slightly as the size of the debris particles gets smaller reaching a min-
imum value for the homogeneous system ( d → 0 cm). If the debris is submerged in
non-borated water, k∞ reaches its maximum value for a particle size of 1.94 cm. This
optimal particle size increases slightly with the water boration. In any case, the contour
curves are almost flat for particle sizes larger than 2 cm, i.e., the changes in the neutron
multiplication factor with the particle size are practically negligible. Consequently, al-
though noticeable, the effect of the particle size on the neutron multiplication factor is
far from being the most important.

On the other hand, boron is a good neutron absorber, especially for thermal neu-
trons, and causes a significant decrease in the k∞. If for safety reasons the critical level
is conservatively set to 0.95, the contour line k∞ = 0.95 would indicate the boron con-
tent required to secure subcriticality. Thus, 2900 ppm B are necessary to guarantee
subcriticality conditions of the debris bed independently of the particle size.

Figure 4.3 provides criticality data depending on the porosity (calculation set 7).
k∞ increases with the porosity until a maximum is reached for the so-called optimal
porosity. At this point, the moderation conditions are optimal. The optimal porosity
moves to lower values as the boron concentration increases. In a system without boron,
the optimal porosity is 0.75; however, if the debris bed is submerged in water with 2600
ppm B, this value decreases to 0.41. In that case, a higher porosity would not only
mean a better capacity to moderate neutron but also more quantity of boron absorbing
neutrons. More details about how the optimal porosity changes in dependence of debris
bed parameters such as water boration or the fuel enrichment are collected in Appendix
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Figure 4.3: Evolution of k∞ as a function of the porosity and water boration

Figure 4.4: Evolution of keff as a function of the debris size and water boration

C. The porosity has a strong influence on the criticality characteristics of a debris bed
and, consequently, must be treated very cautiously.

The contour line k∞ = 0.95 (critical level) indicates that 2600 ppm B are enough
to keep the fuel debris subcritical under the boundary conditions considered and inde-
pendently of the porosity. Additionally, systems with porosities lower than 0.243 cannot
become critical since there is not enough moderator in the system.

Figure 4.4 represents the calculation set 9 and provides information about the criti-
cality conditions of a debris bed depending on its size. The neutron multiplication factor
increases drastically with the debris size until an almost stable value is reached.

Assuming the critical value on 0.95, the minimum critical size of the debris bed is
45 cm. For these conditions, the optimal porosity was calculated to be 0.75, resulting

3This statement is only valid for systems without concrete. For more details see Chapter 5
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Figure 4.5: Evolution of k∞ as a function of the fuel burnup and water boration

in a corresponding critical mass of 124 kg. Taking into account that the total mass of
the reactor core of Unit 1 (the smallest of the damaged reactors) is about 92 tons, the
previously calculated critical mass represents less than 1% of the core. Therefore, any
fuel debris in the damaged units 1, 2, and 3 easily exceeds the minimum mass required
to reach criticality. Nevertheless, these results are useful for the design of the caskets
and transport devices that will be used during the debris retrieval. The contour line
k∞ = 0.95 (critical level) shows the quantity of boron necessary to secure subcriticality
for different sizes.

Figure 4.5 shows the evolution of k∞ as the fuel burnup varies (calculation set 10).
As it was expected, the neutron multiplication factor decreases with the burnup. Debris
beds with a burnup higher than 50 GWd/tHM would be intrinsically subcritical, although
such high values are never reached (in averaged). One more time, it can be appreciated
that 2600 ppm B would ensure the subcritical conditions of the debris.

The effect of fuel enrichment on the criticality was also analyzed (see Figure 4.6).
k∞ increases significantly and almost linearly as the wt% 235U in the system gets higher.
The addition of boron has firstly a very negative effect on the system reactivity; however,
as the boron concentration increases, its capacity to control the criticality diminishes.
That occurs because the optimal porosity values are very low for fresh fuel systems with
a high concentration of boron.

Table 4.3 gathers the concentrations of boron required to guarantee subcritical con-
ditions for different fuel compositions. The differences are significant, which means that
it is very important to investigate further the debris composition and the mixing process
of the melted fuel assemblies to delimit the realistic ranges.
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Figure 4.6: Evolution of k∞ as a function of the fuel enrichment and water boration

Table 4.3: Amount of boron required to secure subcriticality for different fuel composi-
tions

Fuel type Characteristics Concentration of natural
boron in water (k∞ = 0.95)

Fresh fuel
5 wt.% 235U Averaged enrichment in fuel assembly 14000 ppm B

Fresh fuel
3.7 wt.% 235U Maximum enrichment in fuel assembly 7200 ppm B

Spent fuel
12 GWd/tHM

Highest reactivity of intact assembly 2600 ppm B

Spent fuel
23.1 GWd/tHM

Averaged burnup in Unit 2 1600 ppm B

Spent fuel
25.8 GWd/tHM

Averaged burnup in Unit 1 1300 ppm B
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4.3.1 Safety parameter ranges
To conclude, the safety parameter ranges of the conservative model investigated are
collected in Table 4.4.

Table 4.4: Safety parameter ranges (spent fuel with 12 GWd/tHM burnup)

Parameter Safety range
(k∞,keff < 0.95)

Porosity < 0.24*
Debris size/mass < 45 cm / < 124 kg
Boration > 2600 ppm B*
* Not valid for debris beds containing concrete

The porosity range is not realistic for particulate debris beds, where porosities higher
than 0.4 are expected; however, it may apply in case of very compacted monolithic or
ingot debris as long as the fuel is not mixed with concrete.

The range of safety debris sizes or masses covers only very small debris accumulations.
It may be useful for debris transportation purposes.

The safety burnup range is not realistic since 50 GWd/tHM is about the maximum
value reached nowadays in LWRs.

Finally, the boration safety value is feasible and may be useful to guarantee the
criticality safety during the retrieval activities.

The calculations must be validated once the results of the on-going critical exper-
iments are available. These results can contribute to the criticality database that is
being developed. However, for the criticality assessment of Fukushima debris beds, the
presence of concrete should be evaluated if the MCCI is confirmed (see Chapter 5).





Chapter 5

Effect of MCCI products on debris
bed criticality

This chapter investigates the criticality conditions of debris beds that have been formed
through the molten corium–concrete interaction (MCCI). These were modeled as UO2-
concrete systems submerged in water. A big amount of this kind of composite is esti-
mated to be present in the PCV of Fukushima damaged reactors, at least in Unit 1 and
3 [97, 114]. During the accident, the failure of the RPV caused the relocation of a large
part of the corium into the reactor cavity (ex-vessel scenario). As a result, the molten
corium very likely reacted with the concrete forming the so-called MCCI product.

The criticality characteristics of this type of composites were first investigated after
the Fukushima accident [49, 117]. These studies prove the good moderation capacities of
concrete and highlight the need for further research. Standard concrete was considered
for the calculations; however, during the MCCI process, the concrete decomposes and
does not preserve its original state anymore. Among many other things, the very high
temperatures cause the release of the bound water as steam. Consequently, MCCI prod-
ucts can only conserve a residual quantity of the initial bound water, if any. Reducing
the water content may have significant negative reactivity effects that should be eval-
uated to complement the previous work. The goal of this chapter is to meet this need
providing a more realistic approach to the current situation of ex-vessel 1FNPS debris
beds. The obtained results will contribute to the development of a criticality database
for a safe decommissioning of 1FNPS.

For a better understanding, the calculations are introduced by a brief explanation
of the MCCI process and the particular characteristics of debris beds containing MCCI
products.
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5.1 The Molten Corium - Concrete Interaction

In a SA, if the molten core is not retained in-vessel, it will be poured onto the reactor
pit basemat. Energy is generated in the corium from radioactive decay and chemical
reactions, which can be removed either by conduction via the adjacent concrete or by
radiative heat transfer through the top surface. Typically, the thickness and low con-
ductivity of concrete result in an initial corium heating phase followed by continuous
erosion of concrete. Concrete starts melting around 1100 to 1250 °C, and the surface is
ablated at a typical rate of several centimeters per hour [7].

Since the concrete is made up mainly of SiO2, CaCO3, and H2O, its decomposition
leads to the release of gases (H2O and CO2) and the melting of residual oxides (SiO2 and
CaO), which are added to the corium pool. The corium pool, therefore, contains heavy
oxides from the reactor core (UO2 and ZrO2), light oxides from the concrete (mainly SiO2

and CaO), and metals (Fe, Cr, Ni, and Zr) [50]. The gas bubbles from the decomposing
concrete enter the pool and agitate it, inducing the mixing of the liquids. Depending on
the gas flow rate, the configuration of the pool may be a single layer (oxide and metal
mixed) or two-layer (oxide and metal stratified according to their respective densities).

Overall, the molten corium-concrete interactions are characterized by the coupling
of very complex phenomena that include thermohydraulic, thermochemical, and me-
chanical processes. A very simple picture of the prototypical phenomenology has been
provided before (for detail information about the MCCI, see [7, 103]); nonetheless, the
interactions will depend on the specific reactor and accident scenario. Even though ex-
tensive research has been undertaken to understand MCCI processes, simulating them
and predicting their behavior are still challenging tasks. In general, the reliability and
validation of the MCCI models are insufficient, and code results are linked to high un-
certainties [102].

5.1.1 MCCI product

Knowing the characteristics of the corium and MCCI products is essential for a proper
and safe decommissioning of severely damaged reactors.

Currently, there is very limited knowledge about the MCCI product characteristics.
Comprehensive data from real accident scenarios are not available (in TMI-2, MCCI
did not occur; in Chernobyl, the lava-like fuel-containing materials differ significantly
from the MCCI product that would be found in a LWR; in Fukushima, sampling is
still pending). Besides, most MCCI experimental and numerical research has focused
until now on the concrete ablation phenomena. Nonetheless, some MCCI test products



5.1 The Molten Corium - Concrete Interaction 83

have been analyzed in experiments during the last years [26, 102]. Recently, VULCANO
MCCI tests were performed under conditions similar to Fukushima Unit 1 [8, 56]. The
purpose of this JAEA/CEA collaboration was to obtain prototypical corium samples
and analyze them to characterize the real debris.

5.1.1.1 Amount of concrete

The proportion of corium and concrete in an MCCI product depends on the extent of
the interactions, i.e., the volume of the ablated concrete. Consequently, an approximate
value can be obtained if an estimation of the ablation time (or ablation depth) is done.

During the molten core-concrete interaction, the melt will be continuously enriched
in concrete decomposition products (mainly CaO and SiO2). In the first hours of MCCI,
the mass fraction of “concrete oxides” in the pool is less than 25%. After 5-15 hours,
the mass fraction grows up to around 50% [50]. Beyond 15 hours of MCCI, silica
and/or calcia may become the major constituents of the melt, as it occurred during the
Chernobyl accident.

The extent of MCCI at Fukushima Unit 1 was estimated with MAAP code by
TEPCO [116]. The results shows an erosion of approx. 65 cm depth in axial and
radial directions in each sump pit, which is equivalent to 20-30 tons of concrete mixed
with fuel. Assuming 25 tons of ablated concrete with density ρconcrete = 2300 kg/m3

and 78 tons of UO2 (initial inventory of Unit 1) with density ρUO2 = 10400 kg/m3, the
concrete volume fraction (of erosion factor ) can be calculated as follow:

ρMCCI = 1
wUO2
ρUO2

+ wconcrete

ρconcrete

= 1
78 t/103 t

10400 kg/m3 + 25 kg/103 kg
2300 kg/m3

= 5607 kg/m3 (5.1)

fe = Vconcrete
VMCCI

· 100 = ρMCCI ·mconcrete

ρconcrete ·mMCCI

· 100 = 5607 kg/m3 · 25 t
2300 kg/m3 · 103 t · 100 = 59% (5.2)

That is just a guide value to get an idea of the magnitude of the MCCI interaction
in a real scenario and, thus, chose meaningful ranges for the calculations.

5.1.2 Concrete characteristics

Concrete is a composite material mainly made of cement, water, and aggregates. There
are many types of concrete depending on the aggregates, which normally consist of
variable proportions of silica (SiO2) and limestone (CaCO3).
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The concrete used in the construction of Fukushima plants is of the siliceous type,
which contains mainly SiO2. The composition was estimated from samples picked up
from Fukushima Unit 1 reactor building [86]. Table 5.1 shows the composition of regular
siliceous concrete [69], which is close to the estimated at Fukushima reactors, and it was
used for all the calculations with concrete through this work.

Table 5.1: Regular siliceous concrete composition (Density: 2.3 g/cm3 [69])

Element Atomic number density
[atoms/barn/cm]

H 0.013742
O 0.046056
Na 0.001747
Al 0.001745
Si 0.016620
Ca 0.001521
Fe 0.000347

The characteristics and behavior of concrete at high temperatures are described in
detail in [7, 103]. Within the scope of this thesis, it is particularly important to know
the behavior of the bound water inside the concrete since a minimal presence of water
in the debris bed may have dramatic effects on the criticality.

5.1.2.1 Bound water inside the concrete

Two types of water can be distinguished [103]:

• Evaporable water: free and physically bound (absorbed) water. This water is
released at 105 °C and completely eliminated at 120 °C.

• Chemically bound water: forming hydrates, e.g., Ca(OH)2 or 3CaO2 ·SiO2 ·3H2O.
They are released between 100 and 850 °C.

Since the concrete starts melting around 1100-1250 °C, it is very unlikely to find any
water in the concrete forming the MCCI products.
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5.2 Calculation model

5.2.1 Geometrical model

As in the previous chapter, two debris bed models were used: infinite and finite (see
Figure 5.1). A debris bed with infinite extension was conservatively assumed for most
of the calculations in this study, while the finite model was used to calculate the SFML.

(a) Infinite debris model (b) Finite debris model

Figure 5.1: Debris bed models

The debris was modeled as a heterogeneous system of MCCI product particles sub-
merged in water and spatially arranged in a FCC lattice. The particles are spheres with
a 10.7 mm diameter, which is the equivalent size of a real fuel pellet. The pitch p of the
FCC unit cell was used to vary the porosity of the debris. Porosities lower than 0.26
(highest density packing) were modeled by reducing the density of the water.

5.2.2 Debris bed composition

The MCCI product was modeled as a homogeneous mixture of fuel and concrete. For
conservative reasons, no additional structural materials were considered.
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Spent fuel with 12 GWd/tHM burnup was assumed (see isotopic composition in Ap-
pendix B). That is the burnup at which an intact “BWR STEP-3” assembly reaches the
highest reactivity under normal operation.

The volume fraction of concrete inside the debris and the quantity of bound water
remaining inside the concrete were widely varied. Table 5.1 shows the concrete compo-
sition used for the calculations in this study.

5.2.3 Coolant composition

Light water was used as coolant/moderator. Room temperature and standard atmo-
spheric pressure were considered for all the calculations of this study. No void fraction
was considered. Thus, the density of the pure water was set to 0.997 g/cm3. Natural
boron was added in every scenario in order to know the required concentration that
guarantees the subcritical condition of the debris.

5.3 Criticality calculations

Parametric calculations were performed with the debris bed models described before
to analyze the effects of concrete on the criticality. Five parameters were considered:
concrete amount, bound water remaining in concrete, porosity, debris size, and water bo-
ration. They were varied widely in order to cover any possible scenario. The parameters,
ranges of variation, and boundary values are summarized in Table 5.2.

Table 5.2: Parameter and ranges for the criticality calculations

Parameter Range Boundary value

Concrete amount 0 - 90 vol% N/A
Bound water in concrete 0 - 100% 100%
Porosity 0.05 - 0.9 Optimal porosity
Debris size 10 - 300 cm Infinite
Water boration 0 - 2600 ppm B 0

Table 5.3 sums up the parametric calculations performed for this study.
MCNP6.1 code [31] and ENDF/B-VII.1 [13] cross section libraries were used to per-

form the criticality calculations. The standard deviations of the estimated the neutron
multiplication factors were always kept below the 0.1%. For that, a neutron source of
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Table 5.3: Criticality calculations matrix

Calc.
Set

Concrete Porosity
[-]

Debris
size [cm]

Water
boration
[ppm B]

Amount
[vol%]

Bound water
[%]

1 0 - 90 0 - 100 0.05 - 0.9 Infinite 0
2 0 - 90 100 Optimal 10 - 300 0
3 0 - 90 100 0 Infinite 0 - 2600

4000 histories per cycle with a total of 300 cycles (100 skipped) was used for every single
calculation.

5.4 Results

5.4.1 Criticality of UO2-concrete systems without boron in wa-
ter

In this section, the evolution of the k∞ as a function of the debris porosity and concrete
content is analyzed. Figure 5.2 plots the results in three different ways: a 3D criticality
surface, a contour criticality plot, and a 2D graph with multiple curves.

The first thing to notice is that recriticality is achievable for a wide range of concrete-
porosity possible combinations. Secondly, it stands out the displacement of the optimal
porosity value as the concrete volume fraction changes. In a debris bed without concrete,
the optimal porosity is around 0.75. As the quantity of concrete increases, this optimal
porosity value gets smaller. That occurs because the concrete itself is also moderating
neutrons. Thus, overall, the results confirm the good moderation capacities of concrete.
Systems without concrete cannot become critical at low porosities due to the lack of suf-
ficient moderator; however, the presence of concrete has a significant positive reactivity
effect at very low porosities, which means that this structural material can thermalize
the neutrons. The reactivity changes caused by the presence of concrete with respect to
a system without any concrete are plotted in Figure 5.3. Indeed, the reactivity effect of
concrete is remarkable. However, this capacity is largely due to the bound water content
inside the concrete. For that reason, the effect of reducing the bound water inside the
concrete is analyzed below.
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Figure 5.2: k∞ of UO2-concrete systems submerged in water (spent fuel: 12 GWd/tHM)

5.4.1.1 Influence of bound water in concrete

In this section, the relevance of the bound water on the moderation capacities of concrete
is analyzed. The percentage of water in concrete was reduced from 100% (standard
concrete composition; no water evaporated during the MCCI process) to 0% (no water
remaining inside the concrete; all water evaporated).

Figure 5.4 shows the effect of the bound water on the criticality. More specifically,
the graph shows the reactivity changes caused by the bounding water (100% water
remaining) in different UO2-concrete systems with respect to those without any bound
water inside (△ρ = ρ100% boundwater − ρno boundwater). As suspected, the reactivity effect
is very strong at low porosities but weakens considerably at high porosities, when the
moderation is dominated by the coolant water surrounding the debris particles.

Figure 5.5 shows the evolution of the k∞ as a function of the debris porosity and
concrete content but assuming that all the bound water was released during the ablation
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Figure 5.3: Reactivity changes due to the presence of concrete assuming all the bonding
water inside (Reference: system without concrete)

Figure 5.4: Reactivity changes due to the bounding water inside concrete (Reference:
systems without water remaining in concrete)
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Figure 5.5: k∞ of UO2-concrete systems submerged in water without bound water inside
concrete (spent fuel: 12 GWd/tHM)

of concrete in the MCCI process. The absence of water can be clearly observed in
the results if they are compared with those plotted in Figure 5.2. Additionally, it is
noteworthy that all the systems with porosities between 0.1 and 0.4 and any amount of
concrete have a neutron multiplication factor higher than the system containing only fuel.
That means that any other concrete component besides water can moderate neutrons,
very likely SiO2, a major concrete component that might be a pretty good moderator.
However, that supposition should be confirmed and supported by calculations in future
works.

Finally, Figure 5.6 shows the reactivity effect caused by the presence of concrete
but assuming no bound water remaining. Although considerable, the positive reactivity
effect of concrete at low porosities is less pronounced than that shown in Figure 5.3, for
which standard concrete was used.

5.4.2 Criticality of UO2-concrete systems with boron in water

Given the high recriticality potential of the systems studied before, the concentration
of boron in the cooling water that would ensure the subcriticality was calculated as a
function of the concrete volume fraction. Only the worst-case scenarios were considered
in these calculations, i.e., systems with optimal moderation conditions (optimal porosity)
and concrete with all bound water inside. Figure 5.7 illustrates the results in two different
representations: a 3D criticality surface and a contour criticality plot.
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Figure 5.6: Reactivity changes due to the presence of concrete assuming no bonding
water inside (Reference: system without concrete)

Figure 5.7: k∞ of UO2-concrete systems submerged in borated water (spent fuel: 12
GWd/tHM)
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Figure 5.8: Evolution of k∞ in UO2-concrete systems depending on the debris size (spent
fuel: 12 GWd/tHM)

The contour line k∞ = 0.95 indicates the minimum boration required to prevent
recriticality depending on the concrete amount. It is remarkable how the quantity of
boron necessary to keep the debris subcritical raises drastically at high concrete volume
fractions. That occurs in systems with very high concrete content since the maximum
k∞, as seen before, is reached for very low porosities. In such systems, the presence of
water is minimal, and consequently, preventing the criticality with soluble boron becomes
a very ineffective measure1. For these cases, alternative ways to prevent criticality, e.g.,
through insoluble neutron absorbers, need to be further investigated.

5.4.3 SFML of UO2-concrete systems

The minimum debris size to reach criticality was calculated depending on the concrete
content (see Figure 5.8). Once again, the optimal porosity and concrete with 100%
bound water were always considered, i.e., optimal moderation conditions.

The critical size increases slightly as the concrete amount gets higher. This increase
is very smooth for low concrete volume fractions and becomes more pronounced for
debris beds with large concrete content. Such effect would be even more marked in case
of dealing with masses instead of sizes. However, it was preferred to work with sizes,
due to their relevance for the design of canisters, casks, or other debris transport devices
that are employed during the debris removal and defueling activities. As an example, the
safe fuel size limit for a debris without concrete is 45 cm, which corresponds to only 124

1The maximum solubility of boric acid in water is about 12000 ppm of B
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kg. For a debris with 90% of concrete in volume, this value is 120 cm or an equivalent
SFML of 658 kg of UO2.

Recent measurements in the damaged reactors at Fukushima have confirmed that
significant amount of debris bed were formed after the SA. The SFML would have been
already exceeded, which highlights that the model assumptions are too conservative,
because the debris are currently subcritical. A more realistic model was used for the
sensitivity analysis performed in Chapter 6.





Chapter 6

Statistical criticality evaluation of
debris beds

This chapter proposes a statistical method for the criticality evaluation of Fukushima
debris beds. Although the debris characteristics are still uncertain, conservative assump-
tions may lead to excessive requirements for the criticality control system. The goal of
this chapter is to provide a methodology to achieve a more realistic assessment based
on the information available, obtained with in-core investigations, experiments, and SA
codes. The methodology is based on sampling-based uncertainty and sensitivity analyses
described in [42] and consists of six main steps:

1. Identification of uncertain parameters X = (x1, x2, .., xnX).

2. Definition of distributions D1, D2, .., DnX that characterize the epistemic uncer-
tainty of the selected parameters.

3. Generation of parameter samples according with the previous distributions and
possible correlations between the selected parameters: x1, x2, ..., xnS.

4. Propagation of samples through the numerical model to obtain ki(xi), i = 1, 2, .., nS

5. Presentation of uncertainty analysis results

6. Presentation of sensitivity analysis results

Figure 6.1 illustrates this methodology. Each step of the process will be explained more
in detail throughout the chapter and will be applied to a practical case: the statistical
evaluation of the debris bed at Fukushima Unit 1.
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Figure 6.1: Scheme of the statistical evaluation method

The software tool SUSA (Software for Uncertainty and Sensitivity Analyses) [57]
developed by the GRS was used to perform the statistical evaluation. This tool follows
the propagation of input errors approach, also known as the GRS method [29], and it
provides a choice of statistical tools to be applied during the uncertainty and sensitivity
analysis.

Case study: “Criticality evaluation of Fukushima Unit
1 debris bed”

Ex-vessel debris bed model

Since the situation inside the damaged reactors is still very uncertain, a very general
model of ex-vessel debris beds containing MCCI products was used to perform the sta-
tistical criticality evaluation (see Figure 6.2).

Geometry

The debris is represented as a two-layered cylindrical structure consisting of a particulate
debris bed over an ingot debris bed submerged in water and surrounded by concrete.
This configuration is based on the results of the COTELS project, where the structure
of solidified debris in MCCI was investigated [127]. The ingot debris observed in the
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Figure 6.2: MCCI debris bed model

experiments was a highly cracked monolithic debris with many small cavities as well as
crevices and channels penetrating from the bottom to the top surface, through which
decomposition gases were released. The debris particles on top of the crust, which may
be formed by melt eruptions, represented between 20-80% of the total debris mass with
particle sizes from about 100 μm to 1 cm.

The main elements and geometric parameters of the ex-vessel debris bed model are
described below:

• Lower ingot debris bed with radius Rdebris and height hingot. The small holes inside
the “cake” are represented as spheres of diameter dholes regularly distributed in a
BCC lattice of porosity εingot. The holes are filled partially with water:

Fill = Vfilled holes
Vholes

· 100 (6.1)

where V,holes is the total volume of holes in the ingot debris, and Vfilled holes is the
volume of those filled with water.

• Upper particulate debris bed with radius Rdebris and height hpart. The particles
are spheres of diameter dpart regularly distributed in a BCC lattice of porosity εpart
and submerged in water.
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• Water reflector of effectively infinite thickness hwater = 30 cm covering the debris.

• Concrete of thickness hpedestal = 50 cm surrounding the debris.

The main component of the debris bed is the MCCI product, which is distributed be-
tween the particulate and ingot debris:

mMCCI = mMCCI,part +mMCCI,ingot (6.2)

wpart = mMCCI,part

mMCCI

· 100 (6.3)

where wpart is the mass ratio of debris in particulate form, mMCCI is the total mass of
MCCI product, mMCCI,part is the mass of MCCI product in form of particulate debris,
and mMCCI,ingot is the mass of MCCI product in form of ingot debris.

MCCI product composition

The MCCI product was modeled as a homogeneous mixture of corium and concrete:

mMCCI = mcorium +mconcrete (6.4)

where mcorium is the total mass of corium released in the cavity and mconcrete is the mass
of ablated concrete that was incorporated into the melt.

The total mass of corium mcorium depends on the initial reactor core inventory minv

and the meltdown grade Melt, i.e., the percentage of the core that melted down and
was relocated in the reactor cavity:

Melt = mcorium

minv

· 100 (6.5)

The quantity of concrete in the mixture was managed through the erosion factor fe,
which was defined as the concrete volume fraction in the MCCI composite:

fe = Vconcrete
VMCCI

· 100 = ρMCCI ·mconcrete

ρconcrete ·mMCCI

· 100 (6.6)

where Vconcrete and ρconcrete are the volume and density of ablated concrete respectively.
Similarly, VMCCI and ρMCCI are the volume and density of the MCCI product.

Corium composition During this analysis, “corium” refers only to the melted core
material before MCCI, i.e., mainly fuel (UO2) and structural materials (Zr, ZrO2, steel,
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and B4C). Additionally, a small quantity of neutron poison (Gd) is also expected:

mcorium = mUO2 +mGd +mstruct = mUO2 +mGd +mZr +mSS +mB4C (6.7)

where mUO2 is the mass of fuel, mGd is the mass of gadolinium, and mstruct is the total
mass of structural materials, which include Zircaloy from cladding in metallic and oxide
form (mZr), steel from reactor structures and RPV (mSS), and B4C from control rods
(mB4C). The relative quantities of each component can be expressed with the mass
ratios:

wUO2−corium = mUO2

mcorium

· 100 (6.8)

wGd−corium = mGd

mcorium

· 100 (6.9)

wstruct−corium = mstruct

mcorium

· 100 (6.10)

wZr−struct = mZr

mstruct

· 100 (6.11)

wSS−struct = mSS

mstruct

· 100 (6.12)

wB4C−struct = mB4C

mstruct

· 100 (6.13)

Concrete composition The bound water remaining inside the concrete was defined
as:

Bound = m′
water

mwater

· 100 (6.14)

where mwater is the mass of H2O inside concrete before MCCI, and m′
water is the remain-

ing quantity after the ablation process.

6.1 Identification of uncertain parameters

To achieve a realistic assessment of the criticality, all modeling assumptions, input pa-
rameters, and boundary conditions that are potentially important contributors to the
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uncertainty of the neutron multiplication factor keff must be identified.
Based on the debris bed model described before, the uncertain parameters gathered

in Table 6.1 were selected for the case study.

6.2 Characterization of uncertainty

The uncertainties under consideration in these analyses derive from a lack of knowledge
or limited data regarding the debris characteristics. The definition of the distributions
D1, D2, .., DnX is the most important part of a sampling-based uncertainty and sensi-
tivity analysis because these will determine both the uncertainty in the neutron mul-
tiplication factor k and its sensitivity to the parameters considered. The distributions
are probability density functions typically determined by expert judgment and ideally
defined by quantiles (e.g., 0.0, 0.1, 0.25, ..., 0.9, 1.0) [42].

In the case of Fukushima debris beds, the available data are so scarce that even
experts find it very difficult to define the distributions of uncertain parameters. In cases
like this, the strategy to follow is to perform an initial exploratory analysis with rather
crude definitions and use the sensitivity analysis to identify the most important param-
eters, i.e., those parameters with the highest influence on the neutron multiplication
factor. That will allow focusing future resources and research on accumulate knowledge
of these inputs. Finally, the criticality will be reassessed with the improved distributions
D′

1, D
′
2, .., D

′
nX , and more accurate results will be obtained.

For this first exploratory analysis, in the absence of more accurate data, the state
of knowledge about the uncertain parameter was defined by uniform probability distri-
butions, i.e., each value between minimum and maximum is equally likely. Table 6.1
collects the considered ranges, whose election is justified below.

Parameter 1: meltdown grade

Best estimate calculations made within the OECD/NEA BSAF project predicted large
damage at the core region of Unit 1, failure of RPV, and large relocation of the corium
in the pedestal floor [91]. Similarly, the accident progression analysis and sensitivity
analysis conducted by IRID with MAAP and SAMSON codes concluded that most of
the debris (~ 95% in Unit 1) is expected to be accumulated at the pedestal floor [47][79].
Muon tomographies have also estimated that almost no fuel remains in the core [113].

Based on the aforementioned results, a meltdown grade between 80 and 100% was
assumed for the statistical analysis.
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Parameters 2 to 5: corium composition

Many research teams estimated the composition of the corium in Fukushima Unit 1
after the accident. Table 6.2 collects the results from VTT’s MELCOR calculations
[104], OECD/NEA BSAF project [91], and the comprehensive assessment of reactor
conditions made by IRID with SAMPSON/MAAP codes [47][79]. The last column
contains the ranges of values selected for the exploratory sensitivity analysis.

Table 6.2: Estimations of corium composition in Fukushima Unit 1

Corium
materials

MELCOR [104] BSAF [91] SAMPSON/MAAP [47][79] Selection
(ton) (%) (%) (ton) (%) (%)

UO2 77.06 47.0 50-55 76 29-55 [51] 45-55
Struct. mat. 86.82 53.0 45-50 62-115 [73] 45-71 [49] 45-55

(Zr+ZrO2) (40.42) (24.7) (20-25) (40-65)b

(SS+SSOx) (45.74)a (27.9) (15-30) (35-60)b

(B4C) (0.66) (0.40) (<1) (0-0.5)b,c
Total 163.87 100 100 138-191 [149] 100 100
a 20.5 ton from molten core shroud
b Percentage only over structural materials
c Conservative range
[ ]: most probable value

Given the uncertainty about the mixing grade between B4C and fuel in debris beds,
it was assumed conservatively that the maximum quantity of B4C in the corium is about
half of the initial inventory.

Additionally, the presence of gadolinium in corium was also parameterized. The
remaining amount of Gd in Unit 1 at the moment of the accident was estimated to
be about 0.004 wt% of the corium based on the initial inventory of a BWR-STEP 3
assembly and the burnup history (< 10 GWd/t exposure duration) [78]. Gd is expected
to be closely mixed with fuel; nonetheless, quantities between 0 and the estimated value
(0.004 wt%) were conservatively considered for the sensitivity analysis.

Parameter 6: debris radius

The debris radius is mainly determined by the debris bed spreading. Once the molten
corium falls into the reactor containment, two scenarios can occur:

• There is no water accumulated on the pedestal floor. Consequently, the fluidity of
the melt is high; it spreads easily up to the pedestal wall and then leaks out of the
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pedestal to the drywell floor through the slit. The debris will become a flat mass
with a large surface area.

• There is water accumulated on the pedestal floor. The corium is lumped together
due to the cooling effects of the water, and the spreading is significantly reduced.

MAAP analysis made by TEPCO estimated that the corium spread outside the pedestal,
although erosion did not occur outside the PCV [116]. Additionally, Fukushima Unit
1 has two drain sumps at the pedestal, where part of the debris is very likely accumu-
lated in a more compacted form. Later on, enhanced ex-vessel analyses for Fukushima
Unit 1 were performed by ORNL (Oak Ridge National Laboratory) and ANL (Argonne
National Laboratory) with specialized codes containing more detailed modeling such as
MELTSPREAD for melt spreading. Based on the pour conditions, the calculations pre-
dicted again that the melt has spread from the pedestal into the drywell and contacted
the liner [97].

Taking into account that the pedestal interior wall face of Unit 1 has a 2.5 m radius
and the drywell annular region has an external radius of 6.5 m radius, Rdebris from 3 to
6 m was considered for the sensitivity analysis to cover any possible scenario.

Parameter 7: erosion factor

The ratio of corium and concrete in the MCCI product depends on the volume of ab-
lated concrete. The extent of the MCCI was firstly estimated with MAAP calculations
performed by TEPCO [116]. An erosion depth of about 65 cm was estimated in axial
and radial directions in each sump pit, which is equivalent to 20-30 tons of concrete in-
corporated into the melt. Assuming 25 tons of ablated concrete (ρconcrete = 2300 kg/m3)
and 150 tons of corium released in the cavity with a composition 55:29:16 of UO2:Zr:SS
(ρcorium = 8500 kg/m3) the erosion factor can be calculated as follow:

ρMCCI = 1
wcorium

ρcorium
+ wconcrete

ρconcrete

= 1
150 t/175 t

8500 kg/m3 + 25 t/175 t
2300 kg/m3

= 6137 kg/m3 (6.15)

fe = Vconcrete
VMCCI

· 100 = ρMCCI ·mconcrete

ρconcrete ·mMCCI

· 100 = 6137 kg/m3 · 25 t
2300 kg/m3 · 175 t · 100 = 38% (6.16)

The simulations performed by IRID with SAMPSON/MAAP codes estimated a much
larger concrete ablation, with up to 47 wt% of concrete in the final MCCI product
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[47][79]. In this case, the erosion factor would be:

ρMCCI = 1
wcorium

ρcorium
+ wconcrete

ρconcrete

= 1
0.53

8500 kg/m3 + 0.47
2300 kg/m3

= 3750 kg/m3 (6.17)

fe = Vconcrete
VMCCI

· 100 = ρMCCI ·mconcrete

ρconcrete ·mMCCI

· 100 = 3750 kg/m3

2300 kg/m3 · 0.47 · 100 = 77% (6.18)

The enhanced ex-vessel calculations performed by ORNL and ANL with CORQHENCH
code predicted a maximal ablation depth of about 65 cm in the sump pits, up to 20 cm
in the pedestal floor, and up to 10 cm in the drywell [97]. Furthermore, the possibility
of damages in the containment building due to MCCI was excluded.

Based on the aforementioned estimations, fe was considered to take values between
0 (no MCCI) and 65% (large MCCI).

Parameter 8: bound water in concrete

As explained in Chapter 5, the bound water is released as steam during the concrete ero-
sion. Nonetheless, it was conservatively assumed a maximum of 5% of water remaining
for the analysis.

Parameters 9 to 11: structure of ingot debris

The structure of the debris beds after MCCI was investigated in COTELS project [127].
Many small cavities with diameters between 1.5 and 15 mm were observed in the ingot
debris. This range was used to define the uniform distribution of dingot for the statistical
analysis.

Some of these cavities are connected through crevices and channels and may be filled
with water; others are watertight compartments. In the absence of data from real debris
or experiments, a water fill ratio from 30 to 100% was assumed.

The porosities were not measured in COTELS tests, but other experiments have
observed that values up to 0.3 are representative of ingot debris. Consequently, εingot
was considered to vary from 0 to 0.3.

Parameters 12-13: structure of particulate debris bed

The structure of the particulate debris bed is characterized in this study by the poros-
ity εpart and particle size dpart. As explained in Section 3.1.6.1, based on the packing
theory porosities of about 0.4 are expected; however, experiments have demonstrated
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that greater porosities are more realistic. Thus, a distribution between 0.35 and 0.6 was
considered to characterize εpart in this study.

Particle sizes from some μm to 1-2 cm may be found in debris beds; however, sizes
smaller than the standard particle size (10.7 mm) are more representative. Particles
with a diameter from 1 to 10 mm were considered for the statistical analysis.

Parameter 14: percentage of debris in particulate form Long-term MCCI and
debris coolability calculations were performed with the specialized code CORQUENCH
as part of the enhanced ex-vessel analysis for Fukushima Unit 1 made by ORNL and
ANL [97]. Based on the phenomenology predicted by these analyses, the debris should
be present as a highly cracked monolithic structure and not in particulate form. In
particular, this is due to the very limited eruption activity expected (low-gas-content
concrete). Based on this statement, the particulate debris was considered to represent
from 0 to 50 wt% of the total debris for the statistical analysis.

6.3 Generation of samples

All uncertain parameters are varied simultaneously according to their distributions and
dependencies to generate a number nS of samples.

There are several sampling strategies, e.g., random sampling or Latin hypercube sam-
pling. The Latin hypercube sampling is very popular and recommended when computa-
tionally demanding models are being studied because its efficient stratification properties
allow very good results with a relatively small sample size [40, 41].

Beyond that, the correlations between the uncertain parameters must be controlled
and maintained in the samples generated.

SUSA tool facilitates enormously this step of the process. The user must only de-
fine the uncertain distributions and dependencies of the input parameters and SUSA
generates the samples following the preferred sampling strategy. The software offers a
wide range of possibilities to characterize the dependence information, e.g., association
measure, full dependence, conditional distribution, function of parameters, or inequality
(see the software manual for detailed information [57]).

For the exploratory analysis of Fukushima Unit 1 debris bed, no dependencies were
imposed.

A significant advantage of the GRS method is that the number of calculations or
samples needed is independent of the number of uncertain parameters. A prior expert
review or screening calculations are not necessary to reduce the number of uncertain
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Table 6.3: Minimum number of calculations nS for one-sided statistical tolerance limits.

α
β 0.9 0.95 0.99

0.9 22 45 230
0.95 29 59 299
0.99 44 90 459

Figure 6.3: Example of Latin hypercube sampling to generate a sample of size nS = 200

parameters and computational cost. The required number of runs is given by Wilks’
formula [123] and depends on the requested confidence levels of the tolerance limits of
the code results, i.e., the neutron multiplication factor. For one-sided tolerance limits,
Wilks’ formula is:

1 − αnS ≥ β (6.19)

where β × 100 is the confidence level (%) that the maximum code result will not be
exceeded with a probability α×100 (percentile) of the corresponding output distribution
with nS calculations. The minimum number of runs can be found in Table 6.3.

For the exploratory analysis of Unit 1 debris bed a Latin hypercube sample of size
nS = 200 was generated. Figure 6.3 shows one example.
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6.4 Propagation of samples through the calculation
model

The sample propagates through the numerical model to obtain the mapping between
inputs and outputs: [xi, k(xi,)], i = 1, 2, ..., nS.

All the calculations were performed with MCNP6.1 [31] and ENDF/B-VII.1 [13,
31] cross section libraries so that the standard deviations of the computed neutron
multiplication factors were always kept below 0.1%. For that, a neutron source of 4000
histories per cycle with a total of 300 cycles (100 skipped) was used for every single
calculation.

The debris bed model was described in Section 6 (see Figure 6.2). Two sets of
calculations were performed with two different fuels: spent fuel with 12 GWd/tHM and
25.8 GWd/tHM (averaged burnup of Unit 1 at the moment of the accident). Appendix B
shows the corresponding isotopic compositions. Regular siliceous concrete was used for
the calculations (see Table 5.1). Light water was used as moderator. Room temperature
and standard atmospheric pressure were assumed. Thus, the density of the water was set
to 0.997 g/cm3. No boron was mixed with the coolant water for the sensitivity analysis.

A script was written to automatize the generation of MCNP input files from the
samples produced by SUSA. Similarly, another script was committed to extracting the
neutron multiplication factor k(xi,) from MCNP output files and transferring it to SUSA,
where the information was statistically processed to produce the uncertainty and sensi-
tivity results.

6.5 Uncertainty analysis results

Uncertainty analysis refers to the determination of the uncertainty in analysis results
that derives from uncertainty in analysis inputs. The results are commonly presented as
standard deviation values, density functions, or cumulative distribution functions. All
the information necessary is contained in the mapping previously generated [xi, k(xi,)],
i = 1, 2, ..., nS.

The results obtained for the neutron multiplication factor in Fukushima Unit 1 debris
bed are shown in Figure 6.4. The probability of recriticality is practically zero. To be
more precise, the upper 95% tolerance limit was calculated to be 0.71 for fuel with an
averaged burnup of 25.8 GWd/tHM and 0.77 for a more conservative scenario, in which a
burnup of 12 GWd/tHM is considered (in both cases with confidence level β = 95%). The
histograms show clearly that keff is slightly higher for the conservative fuel with most
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Figure 6.4: Uncertainty analysis results for Fukushima Unit 1 ex-vessel debris bed

of the values between 0.35 and 0.5. These results are aligned with the current situation
of the ex-vessel debris bed, which until now have not shown any sign of criticality.

6.6 Sensitivity analysis results

The sensitivity analysis aims to quantify the influence of model input values on the
model outcomes. Determining the sensitivity analysis results is not straight forward and
the mapping [xi, k(xi,)], i = 1, 2, ..., nS should be carefully explored to assess the effects
of the parameters x on the neutron multiplication factor k [42].

There are many different correlation coefficients that can be calculated to characterize
the linear and non-linear dependencies between inputs and output and quantify the
sensitivity [42]. In this work, the following correlation coefficients were used:

• Pearson’s ordinary correlation [90]: the correlation coefficient (CC) measures
the strength of the linear relationship between xj and k :

c(xj, k) = cov(xj, k)
σxj

σk
=

1
nS

nS∑
i=1

(xij − x̄j)(ki − k̄) 1
nS

nS∑
i=1

(xij − x̄j)2

1/2  1
nS

nS∑
i=1

(ki − k̄)2


(6.20)

where the operator cov denotes the covarianze, σ is the standard deviation, and
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x̄j =
nS∑
i=1

xij/nS (6.21)

k̄ =
nS∑
i=1

ki/nS (6.22)

The CC c(xj, y) takes values between -1 (perfect negative linear correlation) and 1
(perfect positive linear correlation). The closer the coefficient gets to 1 (in absolute
value), the stronger is the dependency. Thus, values close to 0 indicate very weak
linear dependencies; however, the two variables may still be depending on each
other in a non-linear way.

• Spearman’s rank correlation [108]: a rank transformation can be used to con-
vert a nonlinear but monotonic correlation into a linear one. The values of xj and
k are replaced by their corresponding ranks, i.e., the smallest value for a variable
is assigned a rank 1, the second smallest value is assigned a rank 2, and so on up to
the largest value, which is assigned a rank of nS. The rank correlation coefficient
(RCC) measures the strength of a monotonic relationship between two variables
and is equivalent to the Pearson CC between the rank values Rgxj

and Rgk of
those variables:

ρS(xj, k) =
cov(Rgxj

, Rgk)
σRgxj

σRk

(6.23)

where the operator cov denotes the covariance, and σ is the standard deviation.
RCC will have an absolute value of 1 if the relationship between both parameters
is perfectly monotone. A positive value indicates that xjand k tend to increase or
decrease together; a negative value indicates that both variables move in opposite
directions.

• Goodman and Kruskal’s rank correlation [30]: Goodman and Kruskal’s
gamma is an ordinal measure of association that can be interpreted as the propor-
tion of ranked pairs in agreement:

γ = Nc −Nd

Nc +Nd

(6.24)

where Nc is the number of concordant pairs, and Nd is the number of discordant
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Figure 6.5: Sensitivity analysis results for Fukushima Unit 1 ex-vessel debris bed

pairs1.
Once again, the coefficient γ varies from -1 (perfect inversion) to 1 (perfect agree-
ment).

Figure 6.5 shows the correlation coefficients for the case study. The most relevant pa-
rameter, out of 14 potentially important parameters, is by far the mass ratio of B4C
from control rods in the structural materials. The sign of the correlation coefficient is
negative, which means that the input parameter value and the result tend to move in
opposite directions. The scatter plot gives a direct visual indication of the sensitivity of
the B4C mass ratio within the structural materials (see Figure 6.6). The great impact
of B4C on the criticality of the debris bed makes it necessary to investigate further the
possible mixing of B4C with fuel in the corium. To perform a realistic criticality assess-
ment, samples of the debris should be taken to analyze the presence of B4C. This will
allow reducing the uncertainty of this parameter and, consequently, much more accurate
results will be obtained. Additionally, for this study a homogeneous mixture of struc-
tural materials and corium was considered. Further modeling alternatives should be
investigated in the future, e.g., heterogeneous mixtures or layered debris with separated
metallic and oxide zones.

1In statistics, a concordant pair is a pair of observations, each on two variables, (X1, Y1) and (X2, Y2),
having the property that sgn(X2 − X1) = sgn(Y2 − Y1)



6.6 Sensitivity analysis results 111

0 0.1 0.2 0.3 0.4 0.5

B4C in structural materials [wt%]

0.3

0.4

0.5

0.6

0.7

0.8

0.9
k

 [
-]

Simple Scatter Plot (n = 200)
Pearson=-0.885, Spearman=-0.907, Corr.Ratio=0.904, Corr.Ratio on Ranks=0.914

Figure 6.6: Scatter plot of keff against the amount of B4C in structural materials (wt
%)

In addition to the above, other relevant parameters are the mass ratio of UO2 in the
corium, the spread of the debris bed (or debris radius), and the percentage of debris in
particulate form. Future resources and efforts should also focus on them. Surprisingly,
the erosion factor does not appear as one of the most relevant parameters.





Chapter 7

Conclusions and future work

7.1 Summary and conclusions

Controlling debris bed subcriticality is one of the main SA management objectives.
Debris beds are complex and unusual nuclear systems linked to high uncertainties. That
makes traditional ways of assessing criticality in nuclear reactors inappropriate for them.
New criticality safety strategies must be explored, and the current standards must be
extended to broader conditions more typical of debris beds.

This thesis aimed to provide a methodology for the numerical assessment of critical-
ity in debris beds that will facilitate future work. At the same time, it was intended
to contribute to the international effort underway for developing a criticality map or
database for debris beds. The first part of this work focused on finding an appropri-
ate neutronic model for debris beds. Different ways of modeling the debris bed char-
acteristics were proposed, from the most conservative simplifications to more realistic
approaches. In the second part, a preliminary conservative evaluation of the criticality
situation in Fukushima debris beds was performed, and safety parameter ranges were
estimated. The third part was devoted to the effects of concrete on the criticality of
ex-vessel debris beds formed after the MCCI. Finally, a statistical method was proposed
as an alternative and more realistic way to evaluate the criticality in debris beds. A first
exploratory analysis of the debris bed at Fukushima Unit 1 was performed, for which
a rough estimation of the keff probability distribution was obtained. Additionally, the
most relevant parameters were identified; based on them, future areas of research and
improvement will be proposed in Section 7.2.

The main conclusions and achievements of this work are summarized below.
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7.1.1 Debris bed modeling

The great uncertainty in the debris bed characteristics makes modeling one of the biggest
challenges in the evaluation of criticality. Good modeling is characterized by a good com-
promise between the complexity of the model and the accuracy of the results; nonethe-
less, the lack of knowledge often leads inevitably to certain conservatism.

The first part of this work reviewed the debris bed characteristics with a potential
influence on the neutron multiplication factor: debris bed mass, debris composition (fuel
enrichment, fuel burnup, and presence of impurities), debris density, debris temperature,
moderator/coolant conditions (temperature, void fraction and boration), and debris bed
configuration (internal structure and external geometry). Different ways to model each
of them were expounded, from the most simple and conservative simplifications to more
complex and realistic approaches (see Figure 3.1).

7.1.1.1 Modeling of debris bed internal geometry

Concerning the debris bed internal geometry, the impact of possible simplifications was
investigated at three different levels: particle shape, particle size, and particle arrange-
ment. A suitability analysis was performed for three modeling alternatives: the homo-
geneous model, the regular lattice model, and the random model. Applicability ranges
were discussed, and a methodology for calculating the equivalent diameter was presented.
The major findings are:

• Debris particles can be conservatively modeled as spheres (negative correlation
between k∞ and the surface-to-volume ratio of the particles).

• The homogeneous model is not conservative, so it should be used carefully. For de-
bris beds with low porosities and/or small particle sizes it can be used introducing
a small error (see Figure 3.8).

• The regular lattice model provides very accurate results if an adequate particle
size is chosen. Lattices such as SC, BCC, FCC, or similar can be used indistinctly
but taking into account the limitations regarding the minimum porosities for each
case.

• The random model provides results very similar to those obtained with the regular
model for a given particle size.

• None of the mean diameters (i.e., volume mean diameter, surface mean diameter,
etc.) can be generally used as equivalent diameter. Furthermore, the same size is
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not always appropriate for the whole porosity spectrum.

The results proved that simplifications concerning the shape and arrangement of the
particles are less significant than those concerning the size. Consequently, assuming
spherical particles arranged regularly is recommended to save modeling and computing
time. These models (i.e., regular lattices) can be easily built in Monte Carlo codes,
achieving also a high efficiency in the neutron tracking routines.

Finding an adequate particle size (equivalent diameter) for a given debris bed is not
easy; it depends on the particle size distribution, which in most of the practical cases
will not be known, and may vary with the porosity. According to the sensitivity analysis
performed in Chapter 6, the particle size is not among the most relevant parameters in
the criticality evaluation of debris beds. Knowing this, and taking into account that FCI
experiments have observed that particles sizes smaller than the standard fuel pellets are
representative of debris beds, it might be concluded that a regular lattice model with
spherical particles of about 10 mm diameter (10.7 mm is the equivalent size of a real
pellet) will be suitable in most cases.

7.1.1.2 Modeling of debris bed thermohydraulic parameters

Realistic temperature and density profiles in debris beds were calculated with coupled
MCNP-COCOMO calculations to find out the impact of possible simplifications. The
power components (decay heat and fission power) determine the feedback of the neu-
tronics into the thermohydraulics and were calculated for Fukushima debris beds at the
present time. The following conclusions were extracted:

• Currently (≈10 years after the accident), the decay heat Pd in Fukushima debris
beds was calculated to be about 0.1 MW/core. The impact on the temperature
and void fraction of water is so small that it is not worth considering.

• The power component P, which is mainly produced by fission reactions of the
neutron source present in the debris bed, is negligible (P << Pd) for subcritical
systems where keff is not very close to 1.

Consequently, it was concluded that assuming cool conditions and full water density is
slightly conservative but adequate for assessing the criticality of Fukushima debris beds.
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7.1.2 Criticality calculations

7.1.2.1 Criticality of UO2-concrete systems

International efforts are underway to extend the current criticality standard, mostly
based on UO2-water systems, to broader conditions more typical of debris beds, e.g.,
UO2-steel or UO2-concrete composites. Recent studies warned about the good modera-
tion capacities of concrete, which may pose a safety risk for ex-vessel debris beds formed
after the MCCI. This work has expanded the knowledge gained so far, contributing more
realistic calculations in which the concrete had lost the bound water during the ablation
process.

It was found that systems without concrete cannot become critical at low porosities
due to the lack of sufficient moderator; however, the presence of concrete has a significant
positive reactivity effect at very low porosities. These effects decrease if no bound water
is considered but they do not disappear. That means that not only the bound water
is capable of thermalizing neutrons but also the SiO2, a major component of concrete.
Consequently, MCCI products should be treated carefully in the criticality analyses. In
contrast to other structural materials (e.g., Zircaloy or steel), the presence of concrete
cannot be conservatively neglected.

7.1.2.2 Criticality in Fukushima debris beds

Conservative calculations A great number of calculations were performed using a
conservative model and conservative boundary conditions to evaluate the criticality sit-
uation of Fukushima debris beds. Parameters such as the particle size, debris porosity,
fuel composition (enrichment and burnup), debris size, water boration, and concrete
amount were considered. The results are expected to be far from reality (very conserva-
tive); nonetheless, the objective of this assessment was to delimit safe parameter ranges
and outline the criticality maps. The main conclusions are summarized below:

• Dry debris beds, i.e., debris beds not submerged in water, cannot become critical
under any conditions.

• Debris beds submerged in water remain subcritical if the porosity is small enough.
The porosity limit is 0.24 for debris beds without concrete and 0.1 for debris beds
with an amount up to 90 vol% concrete.

• Small debris bed accumulations of less than 124 kg (sphere of 45 cm diameter) are
always subcritical.
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• 2600 ppm B would guarantee the subcriticality in Fukushima debris beds with up
to 70 vol% of concrete under any conditions. Very compacted debris beds with
more than 70 vol% concrete must be treated carefully; for such cases, the amount
of boron necessary to control the criticality increases drastically and alternative
control measures should be investigated.

The previous findings may be useful to define safety requirements and the criticality
control strategy during the defueling process once validated.

Statistical calculations As an alternative to the conservative approach traditionally
used in criticality safety, a statistical method was proposed to obtain more realistic
results. The method consists of a sampling-based uncertainty and sensitivity analysis
and uses the software tool SUSA, which follows the propagation of input errors approach
(GRS method). A first exploratory assessment was performed for Fukushima Unit 1
debris bed. Given the high uncertainties regarding the debris bed conditions, very
rough distributions were used to characterize the input parameters. The objective was
to identify the most relevant parameters and, based on that, define lines of research for
future work. The following conclusions were extracted from the evaluation:

• The probability of recriticality in the debris bed is extremely low. The upper
tolerance limit of keff is 0.77 ( α = 0.95; β = 0.95) for a slightly conservative fuel
(spent fuel with 12 GWd/tHM burnup).

• The amount of control rod material (B4C) mixed with fuel is by far the most
relevant parameter.

• Other parameters with a significant effect on the criticality are the percentage of
fuel in corium, the percentage of debris in particulate form, and the debris bed
spreading or debris radius.

The uncertainty analysis results should be treated carefully due to the crude definitions
of the input parameters. Nonetheless, the lack of knowledge was overcome with cer-
tain conservatism so that it seems very unlikely that a recriticality event will occur in
Fukushima, at least as long as the debris maintains its current status, i.e., before start-
ing the defueling activities. The results of the sensitivity analysis will be used to target
future resources and improve the current state of knowledge in the relevant areas (debris
characterization research).
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7.2 Recommendations for future work

The present thesis opens up avenues for future work regarding the debris bed modeling
and criticality evaluations.

7.2.1 Debris bed modeling

7.2.1.1 Heterogeneous composition of debris

Recent studies have demonstrated that the mixing ratio of structural materials (e.g.,
stainless steel) with fuel in the debris bed has a strong negative reactivity effect [72].
Thus, assuming that fuel and structural materials are mixed homogeneously is not con-
servative and should be taken into account when modeling. On the other hand, if struc-
tural materials are not considered, there is a risk of falling into excessive conservatism.
Consequently, debris bed models with heterogeneous compositions must be further in-
vestigated, e.g., with stochastic tessellations, where the medium is partitioned into a
collection of random volumes (fissile and non-fissile) obeying a given mixing statistics
[63].

Particular care must be taken when modeling control materials such as B4C since
the presence of a small amount of these neutron absorbers has a decisive influence on
the criticality. Besides, experimental research claims that during the process of core
meltdown, the oxides and metals would separate so that large portions of uranium would
be in the oxide phase, where boron very rarely resides [4]. Such a statement should be
confirmed with future analysis, and the criticality characteristics of two-layer (metallic
and oxide) models should be investigated.

7.2.1.2 Thermohydraulic conditions soon after the accident

The impact of thermohydraulics on neutronics may be important soon after the accident,
i.e., for decay heat values high enough so that the void fraction in the water is signifi-
cant. Coupled neutronic-thermohydraulic calculations must be performed to assess the
criticality in such debris beds and evaluate their behavior. It would be interesting to
know until when after the accident the steam generated by the decay heat is high enough
to ensure the subcriticality. Likewise, transient calculations would be interesting for the
cases described above and for those where keff is very close to 1.
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7.2.1.3 Random geometries

The stochastic capability of MCNP used to generate the random models in Section 3.2 is
limited. That consists of random displacements of spheres within a cubical matrix cell;
consequently, a completely chaotic arrangement is not achieved. Alternative random
arrangements (e.g., stochastic tessellations) should be considered in future works to
correctly analyze its impact on the criticality results.

7.2.1.4 Heterogeneous and low porosities

The regular lattice model proposed in Section 3.2 is limited to porosities higher than
0.26 (highest density packing). Although porosities below this value are not common
in debris beds, they can exist and should be analyzed correctly. Throughout this work,
very compacted debris was modeled by decreasing the density of the water, which has
the same effect on keff as a reduction in the water volume. Alternative solutions should
be investigated (e.g., the inverted model with spheres of water distributed in a debris
matrix).

Additionally, debris beds may be more compact in the lower area due to the effect of
gravity. Such heterogeneous layered porosity may have some impact on the criticality
and is also an interesting point to consider in the future.

7.2.2 Criticality calculations

Concerning the criticality calculations in debris beds, two decisive points remain open:

• The development of a comprehensive criticality map or criticality database for
debris beds. That is an arduous task with a high workload, which requires a high
amount of calculations. It was initiated by JAEA but international collaboration
is necessary to succeed.

• The performance of adequate criticality experiments for the validation of the criti-
cality computations. Currently, STACY critical facility is in development in Japan
and is expected to start producing results soon.

In the future, conservatism has to be gradually replaced by more realistic evaluations
by using statistical methods like the one proposed in this work (see Chapter 6).

The characterization of the debris beds is one of the major research areas nowadays
at Fukushima. The results of the preliminary sensitivity analysis performed within this
thesis have brought to the fore some parameters whose state of knowledge should be
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further investigated: B4C amount in the corium, UO2 amount, debris spreading, and
percentage of debris bed in particulate form. The criticality in Fukushima debris beds
should be reassessed with the improved distributions of these input parameters to obtain
a more accurate estimation of the keff .

Complementary work aimed at investigating the impact of a hypothetical recriticality
event and the behavior of the debris with non-stationary calculations is also necessary.
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Appendix A

Definition of neutron transport
quantities

A.1 Neutron density and flux

Definition A.1. The population of neutrons is described by the angular neutron
density

N(r,Ω, E, t)

which represents the number of neutrons at position r, traveling in direction Ω with
energy E at time t per unit volume per unit energy and per unit solid angle
[n · cm−3 · sr−1 ·MeV −1]. Thus,

N(r,Ω, E, t)dV dΩdE

is the number of neutrons in the volume dV around the point r traveling within the
cone dΩ in direction Ω with energies in (E, E + dE) at time t.

Figure A.1 represents a neutron 1
0n in the volume dV around the point r traveling

within the cone dΩ in direction Ω with energy E = 1
2mv

2, where v = vΩ is the neutron
velocity and m is the neutron mass.

Definition A.2. The integral of the angular neutron density over all directions is the
standard neutron density

n(r, E, t) =
∫

4π
N(r,Ω, E, t)dΩ
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Figure A.1: The volume element dV and angular element dΩ

which accounts for the number of neutrons at r with energy E at time t per unit
volume and per unit energy [n · cm−3 ·MeV −1].

Definition A.3. The product of the velocity module v and the angular neutron density
is called the angular neutron flux

ψ(r,Ω, E, t) = v(E) ·N(r,Ω, E, t) =
√

2E
m

·N(r,Ω, E, t)

and represents the number of neutrons per unit area, per unit energy, per unit solid
angle per unit time at time t [n · cm−2 · sr−1 ·MeV −1 · s−1].

Definition A.4. The integral over all directions of the angular neutron flux is the scalar
neutron flux

ϕ(r, E, t) =
∫

4π
ψ(r,Ω, E, t)dΩ = v(E) · n(r, E, t)

which can be interpreted as the number of neutrons with energy E crossing a sphere of
unitary radius centered at r per second [n · cm−2 ·MeV −1 · s−1].
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A.2 Neutron current

Definition A.5. The neutron current is defined as

J(r, E, t) =
∫

4π
v(E) ·N(r,Ω, E, t)dΩ = v

∫
4π

Ω ·N(r,Ω, E, t)dΩ = ψ(r,Ω, E, t) · Ω

and represents the net number of neutrons at position r, with energy E and direction
Ω at time t crossing unit area per unit energy and time [n · cm−2 ·MeV −1 · s−1].

A.3 Cross sections

The nuclear cross sections quantify the neutron interaction probability in a material.

Definition A.6. The microscopic cross section is a characteristic area proportional
to the probability of interaction between a neutron and a nucleus: the larger the area the
more probable the event. These microscopic cross sections depend on the target nucleus
properties, the energy of the incident neutron and the temperature of the medium:

σi,k(E, T )

where i represents the target nucleus (e.g. 235 U, 238 U) and k is the type of interaction:

• k = t (total). Any type of neutron-nucleus interaction.

• k = a (absorption). The neutron is absorbed by the nucleus, independently of the
outcome. Absorption includes capture and fission.

• k = c (radioactive capture). The neutron is absorbed into the nucleus creating a
heavier isotope.

• k = f (fission). The neutron triggers a fission reaction.

• k = s (scattering). The neutron is scattered into another direction and/or energy.
The scattering can be elastic or inelastic.

Thus, the total microscopic cross section can be defined as

σt = σa + σs = σc + σf + σs

The units of the microscopic cross section are [cm−2], although usually it is expressed
in barns: 1b = 10−28m2 = 10−24cm2.
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Figure A.2: Total fission cross section data of 235U and 239Pu [9]

Definition A.7. The macroscopic cross section

Σi,k(r, E) = NDi(r) · σi,k(E)

is the probability of interaction at energy E, per unit length of neutron travel [cm−1].
NDi = ρiNA

Ai
is the number density, i.e., the number of nuclei i per unit volume. ρi

represents the density, Ai is the atomic number and NA is the Avogadro’s number.

The numerical values of the different cross sections are obtained from a combination of
experimental measures and predictions of nuclear model calculations. The values are
finally tabulated to produce evaluated data sets or cross section libraries. These include
the Evaluated Nuclear Data File (ENDF) libraries [13], the Joint Evaluated Fission and
Fusion File (JEFF) [100] and the Japanese Evaluated Nuclear Data Libraries (JENDL)
[105]. As it is stated in reference [18], the libraries are “a collection of documented data
evaluations stored in a defined computer-readable format that can be used as the main
input to nuclear data processing programs”. As an example, the neutron cross sections
for fission of 235U and 239Pu are plotted in Figure A.2 with data from ENDF/B-VIII.0
[9], released in 2018.



Appendix B

Fuel isotopic compositions

This appendix collects the fuel isotopic compositions used for the calculations performed
through this thesis.

B.1 Fresh fuel

Table B.1: Isotopic compositions in [atoms/barn/cm] of UO2 fresh fuel for different
enrichments (ρUO2 = 10.412 g/cm3)

Isotope/
Element

Enrichment [wt% 235U]
2 3 3.7 4 5

235U 4.703 · 10−4 7.054 · 10−4 8.700 · 10−4 9.405 · 10−4 1.176 · 10−3

238U 2.275 · 10−2 2.252 · 10−2 2.236 · 10−2 2.228 · 10−2 2.206 · 10−2

O 4.645 · 10−2 4.645 · 10−2 4.646 · 10−2 4.646 · 10−2 4.646 · 10−2

B.2 Spent fuel

The nuclides considered for the criticality safety calculations with spent fuel were se-
lected based on the recommendations of “A guide introducing Burnup Credit” by JAEA
[84]. For a more realistic evaluation, both actinides and fission products (FPs) were
considered:

• Actinide nuclides: 234U, 235U, 238U, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, and 241Am.

• FP nuclides: 95Mo, 99Tc, 103Rh, 133Cs, 143Nd, 145Nd, 147Sm, 149Sm, 150Sm, 152Sm,
153Eu, and 155Gd
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The following FP were excluded: nuclides with small neutron absorption, nuclides with
short half-lives, gaseous or volatile nuclides (Kr, Xe, Br, and I), and semi-volatile nuclides
(Rb, Te, Se, Cd, Sb, and Ag).

Considering the importance of the criticality control of damaged fuel at Fukushima
Daiichi NPP, the NEA Expert Group on Burnup Credit Criticality (EGBUC) organized
in 2012 a international burnup calculation benchmark for 9x9 STEP-3 BWR fuel assem-
blies [77]. The average isotopic composition of spent nuclear fuel as a fuction of burnup
was calculated by 16 different institutes in 9 countries. The objective was to provide
necessary data for an adequate criticality safety analysis of the Fukushima damaged
reactors.

A constant specific power of 25.3 MW/tHM was assumed. Three cases were evaluated
with different cooling times after the burnup: 0, 5, and 15 years. A constant void fraction
of 0, 40, or 70% during the burnup was considered. Data for burnups of 12, 20, 30, and
50 GWd/tHM were provided by the participants.

In Table B.2 the averaged isotopic compositions used for the calculations in this
thesis are collected. Results corresponding to 40% void fraction and 5 year of cooling
were used.

JAEA also estimated the fuel composition in the damaged reactors for different times
after the accident (immediately after, 1 hour, 3 hours, ..., up to 20 years) taking into
account the burnup history of each unit [78].

The composition in Unit 1 five years after the accident was used for the calculations
in this thesis (see Table B.3).
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Table B.2: Isotopic compositions of spent fuel for 9x9 STEP-3 BWR fuel assemblies
(atoms/barn/cm) [77]

Isotope/
Element

Burnup [GWd/tHM]
12 20 30 50

234U 5.85 · 10−6 5.30 · 10−6 4.66 · 10−6 3.55 · 10−6

235U 6.19 · 10−4 4.74 · 10−4 3.18 · 10−4 1.15 · 10−4

238U 2.13 · 10−2 2.12 · 10−2 2.11 · 10−2 2.07 · 10−2

238Pu 2.06 · 10−7 7.06 · 10−7 1.93 · 10−6 6.29 · 10−6

239Pu 7.92 · 10−5 9.49 · 10−5 1.02 · 10−4 9.78 · 10−5

240Pu 1.39 · 10−5 2.65 · 10−5 4.11 · 10−5 6.24 · 10−5

241Pu 4.24 · 10−6 9.47 · 10−6 1.56 · 10−5 2.24 · 10−5

242Pu 5.37 · 10−7 2.24 · 10−6 6.33 · 10−6 2.04 · 10−5

241Am 1.25 · 10−6 2.91 · 10−6 4.97 · 10−6 7.33 · 10−6

95Mo 1.72 · 10−5 2.79 · 10−5 4.04 · 10−5 6.19 · 10−5

99Tc 1.69 · 10−5 2.76 · 10−5 4.01 · 10−5 4.01 · 10−5

103Rh 9.59 · 10−6 9.59 · 10−6 2.24 · 10−5 3.23 · 10−5

133Cs 1.82 · 10−5 1.57 · 10−5 4.28 · 10−5 6.49 · 10−5

143Nd 1.46 · 10−5 2.23 · 10−5 2.96 · 10−5 3.59 · 10−5

145Nd 1.03 · 10−5 1.66 · 10−5 2.36 · 10−5 3.51 · 10−5

147Sm 4.03 · 10−6 6.20 · 10−6 8.33 · 10−6 1.07 · 10−5

149Sm 1.05 · 10−7 1.03 · 10−7 9.86 · 10−8 8.83 · 10−8

150Sm 3.28 · 10−6 5.67 · 10−6 8.71 · 10−6 1.44 · 10−5

152Sm 1.63 · 10−6 2.70 · 10−6 3.80 · 10−6 5.41 · 10−6

153Eu 8.87 · 10−7 1.84 · 10−6 3.24 · 10−6 6.09 · 10−6

155Gd 1.17 · 10−6 8.04 · 10−8 1.22 · 10−7 2.26 · 10−7

O 4.68 · 10−2 4.68 · 10−2 4.68 · 10−2 4.68 · 10−2
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Table B.3: Isotopic compositions of spent fuel in Fukushima damaged reactors (g/core)
[78]

Isotope/
Element

25.8 GWd/tHM*
Unit 1

234U 5.11 · 102

235U 1.11 · 106

238U 6.53 · 107

238Pu 7.74 · 103

239Pu 3.08 · 105

240Pu 1.05 · 105

241Pu 4.60 · 104

242Pu 2.02 · 104

241Am 1.69 · 104

95Mo 1.18 · 104

99Tc 4.28 · 104

103Rh 2.46 · 104

133Cs 6.29 · 104

143Nd 4.58 · 104

145Nd 3.76 · 104

147Sm 1.04 · 104

149Sm 1.68 · 102

150Sm 1.44 · 104

152Sm 6.01 · 103

153Eu 5.87 · 103

155Gd -
O 9.28 · 106

* Averaged burnup



Appendix C

Effect of debris bed parameters on
the optimal porosity

The optimal porosity is the porosity value at which the moderation conditions of a
nuclear system are optimal and, consequently, the neutron multiplication factor reaches
a maximum. Assuming optimal porosity is one of the most common boundary conditions
in conservative criticality analysis.

The porosity is an especially important parameter for the criticality safety in debris
beds because it may change significantly during the defueling activities. The worst-case
scenario should be considered to implement appropriate control measures.

The optimal porosity varies depending on the physical conditions of the system. This
Appendix collects some calculation results, which show the effect of some parameters
(particle size, fuel enrichment, water boration or concrete amount) on the optimal poros-
ity value. These results complement to those presented in Chapter 4 and Chapter 5.
The debris bed model and boundary conditions are exactly the same (see Figures 4.1
and 5.1).

C.1 Particle size

Figure C.1 shows the results of the calculation set 1 (see Table 5.3). A slightly negative
effect of the particle size on the optimal porosity is appreciated.
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Figure C.1: Effect of particle size on the optimal porosity

C.2 Fuel enrichment

The results of the calculation set 6 (see Table 5.3) are plotted in Figure C.2. As the
enrichment increases the porosity necessary to reach optimal moderation gets higher.

Figure C.2: Effect of fuel enrichment on the optimal porosity

C.3 Water boration

Figure C.3 shows the effect of the water boration on the optimal porosity (calculation set
7, see Table 5.3). The optimal porosity decreases significantly as the boration increases.
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This is because a lower porosity in this case not only means less hydrogen atoms to
thermalize neutrons but also less B10 to absorb them.

Figure C.3: Effect of water boration on the optimal porosity

C.4 Concrete amount

The presence of concrete in the debris bed (MCCI product) reduces significantly the
optimal porosity value. This is due to the combined effect of a reduction of the density
of fissile material and the moderation capabilities provided by the concrete itself.

Figure C.4: Effect of concrete amount on the optimal porosity
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