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The paper presents an investigation of the potential for the recriticality phenomenon occurrence during
core reflooding at the time of early in-vessel phase of the Fukushima-Daiichi Unit 3 (1F3) accident. A
Monte Carlo criticality analysis was performed using the SERPENT code for STEP-3 BWR fuel type. The
analysis was conducted for a representative core unit cell composed of four assemblies in three dimen-
sions. The MELCOR computer code was used as the source of the accident progression and thermal-
hydraulic input. A data exchange framework between MELCOR and SERPENT was developed and
employed. The calculations reveal that for the applied MELCOR model, recriticality occurs due to simul-
taneous control blades loss, fuel rods intactness and non-borated water injection. It suggests that during
reflooding even a relatively small fraction of the core covered with water and without control blades is
sufficient to lead to the critical condition. Additionally, a sensitivity analysis for various control blade sur-
vival fractions was performed.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Recriticality during reflooding

In the course of a severe accident of the BWR reactor, after con-
trol blades degradation occurring together with unborated (or low
borated) water reflooding, there is a possibility of the recriticality.
As a consequence of the core uncovery and an intensive heat-up,
the B4C absorber material forms the eutectic mixture with stainless
steel (blade sheath). The mixture has lower liquidus temperature
(about 1250 �C) and it may relocate into the lower parts of the core
and the vessel (Steinbrück, 2014). Boron carbide, steel and Zircaloy
(from channel boxes) may also form a eutectic mixture which
melts at the temperature lower than the Zircaloy melting point.
On the other hand fuel rods have much higher melting
temperatures. Within the uncovered core, fuel degradation may
occur several minutes after the control blades disintegration. The
arrival of the cold unborated water during that time window,
heavily improves moderation and leads to the effective neutron
multiplication factor increase and there is a risk of the critical state.
Should the super-prompt power burst occur, it may release large
quantities of energy in the fuel and lead to its degradation (Frid
et al., 2001). An important problem for the whole accident
progression after the first burst (power peak), is the formation of
a quasi-steady state having long-term high power generation. An
additional significant heat source may lead to an earlier contain-
ment integrity loss due to the pressurization (Frid et al., 2001;
Scott et al., 1990). The concern about the RPV integrity loss caused
by a missile formation or mechanical damage due to the energy
release is not justified (Scott et al., 1990).

A recriticality during reflooding is a recognized issue since the
late eighties (Scott et al., 1990) and it was studied extensively with
different methodologies in the nineties and early days of 2000s. An
early study, which in fact inspired this work, was performed by
Mosteller and Rahn (Mosteller and Rahn, 1994). They applied
MCNP4 as a Monte Carlo solver and CASMO as a source of the iso-
topic compositions. They investigated Peach Bottom-2 (PB-2) BWR
core represented by two-dimensional unit cell of four 8 � 8 assem-
blies with various burn-ups and reflective boundary conditions. It
showed that at least 10% of the absorber material is enough to
prevent critical state. A different study by Bassam uses a
multigroup diffusion solver called TWODANT to obtain eigenvalues
for two-dimensional unit cell with four assemblies and reflective
boundary condition (Bassam and Witt, 1994). The approach was
similar to that of Mosteller and Rahn and PB-2 type assembly
was applied likewise. It is required to lose more than 95% of the
control blades and there should be no boron in the water in order
to reach the critical state (Mosteller and Rahn, 1994).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.anucene.2016.10.004&domain=pdf
http://dx.doi.org/10.1016/j.anucene.2016.10.004
mailto:piotr.darnowski@itc.pw.edu.pl
http://dx.doi.org/10.1016/j.anucene.2016.10.004
http://www.sciencedirect.com/science/journal/03064549
http://www.elsevier.com/locate/anucene
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Several later studies were performed with more sophisticated
techniques with neutron kinetics/dynamics codes in conjunction
with thermal-hydraulics system codes. It allowed transient simula-
tion of the phenomenon and the estimation of the energy genera-
tion (Höjerup et al., 1997; Frid et al., 1999, 2001; Nilsson et al.,
2000). For instance a large project called SARA funded by the
European Commission (1997–1999) analysed that problem exten-
sively for the total loss of electric power scenarios in Nordic BWRs.
It investigated the consequences of the super-prompt power burst
followed by quasi-steady state power generation and containment
response. The basic aim was to develop accident management rec-
ommendations and to assess the reactor’s safety. MELCOR, MAAP4
and SCDAP/RELAP5 severe accident codes were used to predict
accident progression and SIMULATE-3K, APROS and RECRIT codes
were used for neutron kinetics. They predicted localized high
power density re-criticalities in numerous studied cases (Frid
et al., 1999, 2001; Nilsson et al., 2000).

The Monte Carlo methods were applied in few studies in the
past, as they have practical limitations. It is possible to obtain neu-
tronic state of the core in one particular point of time without
neutron-kinetic simulation. It allows to assess if the critical state
is possible but it does not estimate the consequences. Constant
development of the Monte Carlo methods with coupled Multi-
Physics opens a potential route for transient simulations in the
future (Aufiero et al., 2015).

In spite of all studies done in the past, we decided to use a
Monte Carlo method with a somewhat different approach. The
methodology is similar to those presented in Mosteller and Rahn
(1994) and Bassam and Witt (1994) with extensions. We believe
that former works slightly suffer, due to their two-dimensional
nature. Those two works concluded, that less than about 10% of
control rods survival fraction leads to recriticality and it is in some
sense misleading. Basically, the reactor core is a three dimensional
object and from the criticality safety point of view it may be signif-
icant. During BWR severe accident with reflooding, there is a high
risk that there would be a huge core part without control rods in
the top and intact absorber in the bottom part of the core. In such
a case, there may be a lot of control blades maintained in the core
and their survival fraction may be large (calculated for the 3D frac-
tion not the 2D case). Nevertheless, neutron multiplication factor is
a global quantity and we can imagine a critical state of the whole
system with only small part without control blades in the top.
Authors’ basic intention was to develop a methodology similar to
those presented in Mosteller and Rahn (1994) and Bassam and
Witt (1994), however for three dimensional cases, applying con-
temporary tools. Furthermore, we performed an investigation of
STEP 3 BWR fuel type which was present during Fukushima acci-
dent and we assessed the potential for recriticality. Moreover, a
basic sensitivity study for control blades survival fraction was per-
formed. The MELCOR code was used as a core state and thermal-
hydraulic conditions source. The SERPENT was applied as a neutron
transport solver. A data exchange framework for MELCOR and SER-
PENT was proposed and it allows one-way-coupling between those
two codes.
1.2. Fukushima Daiichi NPP

During Fukushima accident, the reactors were partially flooded
with fresh and sea water. The injected water was borated but not
all the time. Particularly, in the case of 1F3 which is studied in this
work, the fresh water that was injected from 9:25 until 12:20
(42.7 h–45.6 h) on March 13 was borated (TEPCO, 2012). The boron
was also added to the seawater at 8:52 on March 14 (66.1 h after
the earthquake). Nevertheless, there is no information available
about the boration of the seawater that was injected from 46 h
26 min until 58 h 24 min. Hence, it is probable that the seawater
was not borated during the reflooding phase.

In general, if any core was at least partially intact, with frac-
tional degradation of the control rods, a reflooding sequence with
high enough water flow rate and no boron could have led to con-
ditions favourable for recriticality. To our knowledge, currently,
there is no publicly available evidence of the recriticality in any
of the damaged reactors during reflooding. This issue was sug-
gested in some works (EPRI, 2013). It is possible to imagine that
the recriticality occurred but it was short, local and not very strong
in consequences, hence difficult to be noticed. The investigation of
the problem if such a situation was possible, seems to be legiti-
mate. In unit three (1F3), available analyses showed that the core
was still partially intact during reflooding – 48 h after accident ini-
tiation. This issue is investigated in more details in the next section
as in our opinion the risk for recriticality was the highest for this
unit.

It is rather not possible to obtain reflooding type recriticality in
unit 1F1, as after the rapid core uncover, there was no reflooding of
the partially intact core (Sevón, 2015b). In the case of 1F2, it is a
reasonable option to investigate recriticality potential. In many
studies (SNL, 2012; Phillips et al., 2012; Sevón, 2015a; EPRI,
2013) a core uncovery is present with water level being below
BAF (Bottom of Active Fuel) for a few hours and followed by
reflooding sequence. It is less probable than for 1F3 due to the
possible heavy core degradation during that time. It cannot
be completely excluded without proper analysis, as the available
studies reveal different active core reflooding and uncovery
sequences.

An alternative problem, similar to the reflooding, is the possibil-
ity of the recriticality after water slug transfer to the core after
steam explosion caused by the molten material relocation to the
lower plenum (Miettinen, 2002; Sehgal and Dinh, 2002). It is con-
sidered as theoretically possible but characterized by a very low
probability and it was not assessed in this work.

It is worth to mention that there are some other possibilities for
the recriticality phenomenon to occur in Fukushima NPP. The first
is the risk of the recriticality in the lower plenum within core deb-
ris and molten corium. It was, for instance, analysed with Monte
Carlo methods for 1F2 unit (Jeong, 2014). After the core meltdown
and before the RPV breach, the molten core might have formed a
critical configuration. A favourable fissile mass configuration with
separated absorber, proper water inventory and low boric acid
content are able to lead to the critical state. Nevertheless, proper
conditions seem to be characterized by a very low probability
due to conservative assumptions. However, it cannot be absolutely
excluded. Investigations of the complex corium physics and
thermo-chemistry are necessary to estimate the chances for occur-
rence of the favourable conditions for the critical state.

In November 2011 short lived Xe-135, which is a fission pro-
duct, was observed in the Primary Containment Vessel (PCV) of
the Fukushima Unit 2. There were concerns about the risk of the
recriticality in the core remnants. Finally, it was shown that the
phenomenon was not caused by the recriticality. The observed
short-lived fission products were created by the spontaneous fis-
sions of the Curium isotopes (Thomé et al., 2012). What is more,
the issue of the recriticality in formed debris in the long term after
the meltdown is believed to be actual. Degraded cores and the deb-
ris are in uncertain state and they have to be constantly cooled by
the cold and unborated water. The assurance of the sub-criticality
is quite important, mainly because of gradual core remnants chil-
ling and increases of the reactivity. It is mainly an effect of the
reactivity feedbacks. Moreover, the sub-criticality would be a cru-
cial issue during dismantling and defueling procedure (Tonoike
et al., 2015). A large amount of work was performed to investigate
criticality safety for damaged PWR TMI-2 core and debris (GPU
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Nuclear, 1990; Bandini et al., 1989; Stratton, 1987; Westfall et al.,
1985).

1.3. 1F3 case – motivation

After the release of the VTT 1F3 MELCOR model in January 2015
(Sevón, 2015a), the authors started to investigate its results. During
the investigation, we realized that the core was still intact during
reflooding and we decided to analyse it from the recriticality point
of view. Initial observations are described in this section.

The control blades disintegration starts at about 42 h 30 min
after the accident initiation and it continues until almost complete
loss of control blades at 45 h. The upper half of the core is fully
deprived of control blades after 43 h 12 min. A fresh water injec-
tion starts after 42 h 39 min and stops after 45 h 34 min and it pro-
vides coolant to the lower plenum, but it does not enter into the
core. Steaming process of that water provides cooling to the core
but it is not sufficient to prevent control blades destruction. A
sea water injection starts at 46 h 26 min and at 47 h 56 min
reflooding of the active core initiates. A half of the core is reflooded
after 49 h 07 min and the whole core is covered by water after 52 h
12 min. In parallel, the first fuel in the top-inner part of the core
loses its integrity after 43 h 36 min. Prior to the water reflooding
of the active core (about 48 h) the central core ring #1 and a half
of the ring #2 are destroyed (Fig. 1) while the rest of the fuel
remains intact. What is important, the water transferred to the
lower plenum before reflooding, provides enough cooling for the
fuel and its temperature has substantial margin to melting for a
long period of time. Approximately, 31 tons of fuel material are
relocated to the lower plenum and the remaining 62 tons of the
fuel are present in the core during reflooding. The distribution of
the control rod poison (CRP) and fuel masses at the time of reflood-
ing initiation are presented in Fig. 1. Finally the RPV failure occurs
after 54 h.

The aforementioned observations encouraged the authors to
initiate the study presented in this paper. It is possible to observe
that prior to the reflooding, ring #3 and ring #4 have intact fuel. In
the case of ring #2 it is only partially intact and there is almost no
absorber material for all rings (Fig. 1). Reflooding initiates 48 h
after the reactor trip and it is the time when the core is gradually
leaving the Iodine Pit. For this situation and for the investigated
model recriticality is a probable issue. Nevertheless, it was neces-
sary to perform calculations to quantitatively support or deny this
hypothesis. In general, the MELCOR code provides approximate
answers while applied 1F3 model has relatively simple core
thermal-hydraulic (CVH package) nodalization and detailed core
model (COR package).
Fig. 1. Control rod poison (CRP) and fuel masses distribution for the original VTT 1F3 mod
1–4.
1.4. 1F3 other studies

Numerical studies of the 1F3 accident sequence were per-
formed by several researchers. It is common that the results
obtained, even with the same computer code, are slightly different.
The reflooding sequences presented by them are worth examining
in order to evaluate the results presented in Sevón (2015a).
Usually, results are in discrepancy with measurements and leaves
room for speculation, especially due to their uncertainty. For the
VTT model BAF corresponds to the elevation of 19.565 m and the
TAF (Top of Active Fuel) corresponds to 23.276 m, hence the core
is 3.71 m high.

A recent study by Fernandez-Moguel and Birchley (2015) pre-
pared with the MELCOR 2.1, analysed seven sensitivity cases with
four different results for downcomer water level (TAF corresponds
to level 0 m and BAF �3.71 m) during the reflooding phase. Cases
C2 and C4, were prepared for nominal AWI (Alternative Water
Injection) water source, while C3 and C5 were calculated for the
degraded flow rate. The AWI started at 42 h 28 min and the water
level reached BAF level in downcomer after about 43 h 30 min for
all cases. For C2 and C4 downcomer was fully covered with water
after about 48 h and accident was mitigated. For C3 and C5 the
water level reached the half of the active core after about 44 h
and stayed constant around that level until 46 h. Afterwards, the
water level dropped reaching BAF prior to 48 h. The water level
started to rise at 48 h and reached half of the active core at 50 h.
Although, for all reflooding schemes presented in Fernandez-
Moguel and Birchley (2015), recriticality seems to be a possible
event in the case of control blades disintegration. Additionally,
cases C5, C6, C7 reported in Fernandez-Moguel and Birchley
(2015) predicted reflooding of the partially intact core for later
time moments (>60 h). It is reported that case C7 lose control rods
in rings #1 and #2 between 43 h 30 min–46 h 25 min but without
additional simulation results for the control materials presence, it
is not possible to assess it.

A report published by Sandia National Laboratories (SNL, 2012)
presents water level changes in the core during the injection of
freshwater and seawater. After 42 h, a fast core uncovery occurs
and it is followed by reflooding after a relatively long period of
time. The core is covered extensively after 48 h and fully covered
after 50 h. There is not enough data about the water level and
the control poison state, even to hypothesize about recriticality.
A different study published by SNL researchers (Cardoni et al.,
2014) presents more details on the water level behaviour in the
core. It was prepared for four different sensitivity calculations.
The water level reaches TAF ca. 39 h for one case and 40 h for
the remaining cases. For all cases a fast uncover occurs ca. 42 h.
el at the reflooding initiation time. Intact active core – axial levels 6–15, radial rings
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For two cases level is below BAF for about 3 h as a slow reflooding
start leading to core covering about 48 h and 49 h. Two other cases
predict the water level below BAF until 49 h, then a reflooding pro-
gresses until ca. 50 h when the active core is covered. The reflood-
ing scheme for those cases, in our opinion, creates room for
recriticality but control poison state data is not sufficient to assess
it. Both SNL studies were prepared with the MELCOR computer
code.

A report published by EPRI (EPRI, 2013) provides MAAP5 results
for the 1F3. The water level falls below TAF ca. 40 h and it takes 2 h
to reach the half of the active fuel. Further rapid water level drop
occurs and the core is fully uncovered. Then, a rapid reflooding
occurs at about 48 h and more than half of the core is covered.
Around 50 h, the core is fully covered and the accident is mitigated.
There is not enough time for the control rods to be degraded and
recriticality is not feasible. The report also contains several sensi-
tivity cases. For those cases top of the core is uncovered for a longer
time and the risk of the control blades degradation is higher. A
remark about recriticality is available in that study. They claim that
the fire engine injection was restricted to limit the potential for
recriticality, however, it was possible with localized and temporary
critical state. In their opinion criticality would be stopped if addi-
tional heat generation caused boiling of the injected water or due
to the geometry change. However, fast injections need different
treatment.
2. Methodology

2.1. MELCOR models

The MELCOR code was used as a state-of-the-art computer code
dedicated for integral severe accident analyses and prediction of
the plant state during the accident. For this analysis, a publicly
available MELCOR 2.1 Fukushima Unit-3 input deck created by
VTT was applied (Sevón, 2015a). Simulations were performed with
MELCOR 2.1.6342 (SNL, 2011a,b). Additionally, for sensitivity cal-
culation, the core hydraulics model was modified to obtain more
detailed thermal-hydraulics response of the reactor core. It was
applied mainly to predict axial water density variation and to make
the model more consistent with the Sandia core modelling recom-
mendations (SNL, 2014).

The original VTT model has four CVH thermal-hydraulics con-
trol volumes for the core – one node per one core ring. For the pur-
pose of this study, it was modified by sub-dividing every CVH
volume into four volumes axially. The control volumes and the
Fig. 2. Comparison of the original VTT model (4 CVs
flow paths were recalculated and added to the model with con-
served geometry formulation. The comparison of the nodalizations
is presented in Fig. 2 (left – original and right – modified). For the
VTT model every core node was connected by two flow paths with
bypass region to catch potential natural circulation patterns during
the accident. In the modified model, every core node is connected
only by one flow path with bypass region.

During the research, we encountered some problems with the
modified MELCOR model. After initial analyses, it was necessary
to change the recirculation loop leak flow path (FL50, described
in Sevón (2015a)), due to different flow rate through this path. It
was observed that the modified model predicts higher flow and
consequently, the obtained results were in discrepancy to the orig-
inal study and 1F3 measured data. Both the reactor pressures and
the predicted reflooding sequence were different. In order to repro-
duce the proper course of events, the same leak flow as predicted
by the original model was set-up in the new model. After that pro-
cedure, the predicted course of events was very similar to the orig-
inal (Fig. 3). There were no other changes in the VTT model which
could have had impact on the physics for the scope of this study. It
is worth mentioning that the control blades failure trigger was at
1520 K for both models and it is consistent with the MELCOR
default setup (SNL, 2011a). This temperature corresponds to the
eutectic liquidus – about 1250 �C (Steinbrück, 2014).

The comparison of the core water level for the original model,
the modified model and the available TEPCO data (TEPCO, 2013b)
are presented in Fig. 3. Significant differences are present. Never-
theless it ought to be mentioned that the water level predictions
are uncertain and difficult to measure during a severe accident.
The TEPCO states that measuring equipment could have been
affected by both the earthquake and severe accident conditions,
characterized by high radiation field and high temperatures. In
consequence, the available measurements are highly uncertain.
Nevertheless, Fig. 3 reveals that the thermal-hydraulic
measurements for RPV are in discrepancy with the simulation
results – not only for (Sevón, 2015a) but also for the results
obtained by different researchers (see Section 1.4 and references).
2.2. SERPENT models

The Monte Carlo code was applied as an excellent method to
estimate the effective multiplication factor in complex geometries.
The SERPENT 1.1.19 code was selected as a tool for this purpose
(Leppänen, 2015). It was used as a 3D code for the core model
(Section 2.6) and as a lattice-physics code to prepare 2D burn-up
) and the modified core (CVH) model (16 CVs).



Fig. 3. Comparison of the core water level for original VTT model and modified
model. Level zero corresponds to BAF, TAF is +3.71 m. The MELCOR results are only
for the core CVHs. Measurements data are based on (TEPCO, 2013b).

Fig. 4. STEP-3 BWR single assembly model.
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calculations with the generation of the approximate isotopic com-
positions (see Section 2.4). A methodology for data exchange
between the MELCOR and the SERPENT was created and it is
described in Section 2.3. It allows estimation of the eigenvalue
for the given core state. Studies by (Mosteller and Rahn, 1994)
and (Bassam and Witt, 1994) applied the so-called reference cases
(Hot Full Power, Cold Unrodded and Cold Rodded states) in order to
assess accident results. Those correspond to the critical core and
the states with high and low reactivity. The similar approach was
applied in this work and details are presented in Sections 2.5 and
2.7. All calculations were performed applying ENDF/B-VII.0
libraries.

A detailed fuel design which would be suitable for neutronic
analysis of the 1F3 reactor was not found in the literature. Two ref-
erences (Tonoike et al., 2015; Suyama et al., 2012) state that the
BWR STEP-3 9-by-9 fuel design was widely used in the Fukushima
plant. In consequence, the authors decided to investigate the prob-
lem for the STEP-3 9-by-9 type BWR fuel assembly described in
OECD/NEA Burnup Credit Criticality Benchmark Phase IIIC
(Suyama et al., 2012). The fuel assembly design including: geome-
try, fuel rods matrix and boxes configuration are presented in
Fig. 4. TEPCO reports that the 32 out of 548 fuel assemblies con-
tained MOX fuel (TEPCO, 2013a), however, analysis considers only
the uranium fuel.

The availability of the detailed design and the isotopic compo-
sition for the STEP-3 fuel allowed the preparation of the models
for the fresh fuel. The Benchmark provides only the detailed trans-
verse bundle design while our calculations were intended to be
three dimensional. Additional data and assumptions about the
axial configuration of the assembly were required. Publicly avail-
able detailed core and fuel design for the BWR-4PB-2 reactor was
applied for the missing data (Larsen, 1978; Moore and Notz,
1989) were applied. The STEP-3 fuel contains six types of fuel rods
(Fig. 4) with various uranium enrichment. In the detailed burn-up
approach each fuel pin should be treated as composed of the
unique fuel material. To simplify calculations, twelve groups of
identical fuel pins were distinguished due to the geometrical
one-eighth symmetry of the fuel bundle (Fig. 4). The cladding,
the water channel and the channel box were made of the
Zircaloy-2. The Benchmark does not contain data for the control
rods hence the design for the PB-2 blades was used with the natu-
ral mixture of boron carbide in granular form. Its density has value
of 1.764 g/cc and it is equal to 70% of the theoretical density
(Larsen, 1978). The fuel pins with gadolinium as burnable absorber
have been divided into ten concentric rings with equal volume in
order to take into account the self-shielding effect.
2.3. Data exchange methodology

The MELCOR code was applied as a thermal-hydraulic solver to
obtain the boundary conditions for the Monte Carlo simulations.
The developed workflow and the data exchange scheme are pre-
sented in Fig. 5. For the selected time frame, the EDF (External Data
Files) part of the MELCOR input deck was automatically created
(SNL, 2011a). A series of dedicated EDF type output files was gen-
erated by the MELCOR code during the accident calculations. After-
wards, the EDF output files were processed with the file processing
engine. After the initial analysis of the MELCOR results, the user
had to select the moments for which recriticality seemed to be
probable and the code prepares a set of input files with the core
state data. A huge amount of data from the MELCOR code was
transformed to reduced files with the thermal-hydraulics and the
core state data i.e. the temperatures of water, fuel, cladding, struc-
tures and control blades, water levels, mass distributions and
integrity of the components. All that data was an input to the code
which generated the Monte Carlo 3D models with the selected
nodalization. Due to the MELCOR code output properties, a special
water level tracking method was developed. The model generating
tool required the isotopic data which is provided by the SERPENT
2D burn-up calculations. Additionally, it was necessary to provide
the assembly data i.e. geometry and material properties, burnup
and decay setup. The input deck generator created the two-
dimensional SERPENT inputs which were used to perform the sin-
gle assembly burnup calculations. The output from the burn-up
calculations was translated consequently to the SERPENT 3D input
deck generator which created the SERPENT input for the given core
state. Afterwards, a whole set of the four assembly models were
generated (see Section 2.6) and calculated in order to find the sys-
tem eigenvalues.



Fig. 5. Calculation workflow for reflooding recriticality calculations.
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The code described above and the presented methodology is a
part of the SARCAM (Severe Accident Recriticality Assessment
Methods) framework which is currently being developed at War-
saw University of Technology (WUT). It is intended to be a data
exchange framework between the Monte Carlo neutron transport
code (e.g. SEPRENT or MCNP) and the Severe Accident integral
computer code (e.g. MELCOR or ASTEC). It is intended to create a
tool applicable for the various criticality safety analyses. The devel-
opment of the methodology for the lower plenum and ex-vessel
calculations is in process.
Fig. 6. Coolant axial density profile used in the burn-up full power calculations.
2.4. Burn-up calculations

The detailed isotopic compositions for all Fukushima units (cal-
culated with the ORIGEN code) are available in Nishihara et al.
(2012). That data is for the whole core with no material spatial dis-
tribution among the core. In order to find the axial composition
variation it was necessary to perform the separate calculations.
The single assembly 2D fuel burnup calculations were performed.
The details of the STEP-3 fuel design which are available in OECD
Benchmark (Suyama et al., 2012) were utilized. Calculations were
prepared for the full power reactor operation with no control
blades inside the core. The applied depletion scheme was: 0.0,
0.1, 0.5, (step 0.5), 10.5, (step 1.0) 40.0 GWd/tHM.

In general, the burn-up varies with height and it was taken into
account in this work. It was necessary, in order to perform the
more detailed three-dimensional calculations in the subsequent
phase of the methodology. Another axial effect on the burn-up
and the isotopic composition of the fuel, is the decrease in the cool-
ant (moderator) density with height. The temperature of the cool-
ant, the cladding and the fuel also varies with the axial direction. It
is also worth mentioning that the coolant density profile and the
coolant, the cladding and the fuel temperature profiles change with
increasing burn-up.

For the sake of simplicity, in the burn-up calculations, the fuel
temperature was set to 900 K, while the coolant and the structure
temperatures were set to the water saturation temperature for the
reactor operating conditions (equal to 558.98 K). The moderator
temperature changes are rather insignificant for the power opera-
tion and its variation would have little reactivity impact. The fuel
temperature changes could have had some impact, however, in
order to reduce the number of calculated cases we decided to
use the typical value for the BWR burnup calculations. A coolant
density profile in the assembly (Fig. 6) was assumed to be burn-
up independent and was calculated based on the profiles described
in Huffer (2004). It is weakly burnup dependent and its considera-
tion would heavily increase the number of cases to be calculated.
The burn-up dependent density profiles described in Huffer
(2004) were averaged, interpolated and re-normalized to the VTT
model. In order to take into account the axial coolant density vari-
ation, the core was divided into ten equal axial levels. Then, ten
models were prepared with different coolant densities and the
2D burnup calculations were performed.

The methodology described in Huffer (2004) was used in order
to avoid the MELCOR code steady state preparation and calcula-
tions – as it was not present in the original 1F3 VTT input deck.
Moreover, the estimation of the density variation would be prob-
lematic. The methodology to calculate the axial variation of the
properties described in (Huffer, 2004) was also applied to the 3D
reference cases described in Section 2.7.

The traced isotopes for the burnup calculation are presented in
Table 1. Main actinides i.e. uranium, neptunium, plutonium, ameri-
cium and curium were traced. Moreover, the burnable absorber
isotopes and the most important fission products were traced with
the emphasis on the neutron poisons. Due to the computational



Table 1
Isotopes traced in the 2D assembly burnup calculations. Bold underlined isotopes are used in the 3D criticality calculations.

Element Isotopes

Uranium U234 U235 U236 U237 U238 U239

Neptunium Np236 Np237 Np238 Np239
Plutonium Pu236 Pu238 Pu239 Pu240 Pu241 Pu242 Pu243

Americium Am241 Am242 Am242m Am243 Am244
Curium Cm242 Cm243 Cm244 Cm245 Cm246

Fission Products and Burnable Absorbers Kr83 Rh103 Rh105 Au109 I135 Xe131 Xe135 Cs133 Cs134 Cs135

Cs137 Ba140 La140 Ne143 Ne145 Pm147 Pm148 Pm149 Pm148m
Sm147 Sm149 Sm150 Sm151 Sm152 Eu153 Eu154 Eu155 Eu156

Gd152 Gd154 Gd155 Gd156 Gd157 Gd158 Gd160

Fig. 7. Axial burnup profiles for three assemblies used in the core unit cell model.
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problems and for the sake of simplicity other fission products were
not analysed. It has an impact on the final result due to the lack of
the low absorbing fission products. The reactivities would be
higher than in reality but the main aim of this study was to analyze
the differences in comparison to the reference states, hence, the
basic conclusions would be stated accordingly to the relative
values.

In the lattice calculations we applied 5000 neutrons per cycle,
500 active cycles and 50 initial non-active cycles. In the case of
k-eff calculations obtained standard deviations have the magni-
tude of 0.0008.

Before the 3D model creation, a decay calculations were per-
formed (with SERPENT) for selected three assemblies at different
average burnups (see Section 2.6) to account for the time shift
between the reactor shut-down and the time of reflooding. It
was necessary to capture an effect of the Iodine Pit for the core
and the changes in the Fission Products isotopic inventory, espe-
cially Xe-135. The number of the isotopes used in the 3D calcula-
tions was reduced due to the limits of the available
computational resources (Table 1) and consequently only the most
important isotopes were used in 3D calculations.
Fig. 8. Cross sectional view of the four assembly model of the representative core
cell.
2.5. Basis of the approach and reference cases

The simplified approach to neutronics modelling was applied in
this research. It may not be instantly clear for many readers not
familiar with former works by Mosteller and Rahn (1994) and
Bassam and Witt (1994) and it is worth to discuss it. The full 3D
core was simplified to be modelled by the 3D representative part
of the core made of four assemblies of different kind with axial
leakage taken into account and periodic boundaries on the hori-
zontal boundaries (model is radially infinite). It is 2 � 2 mini core
(see Fig. 8) and it is believed to be representative in terms of neu-
tronics for a BWR reactor core pattern (US NRC, 2012). It is more
realistic than single assembly model witch does not include assem-
blies originating from the different fuel batches characterized by
different reactivity production and does not include leakage effect
between assemblies. A typical BWR core is shuffled with chess-
board pattern where assemblies with low burnup (high reactivity)
are mixed with assemblies with high burnup (low reactivity). This
model is representative for the part of the core which is not
strongly affected by leakage from the core boundaries, hence the
central part of the core. The approach was applied in order to avoid
the enormous computational effort necessary to perform the full
core 3D Monte Carlo calculations. Moreover, simplified model
allows to perform a large number of sensitivity calculations.

The computed effective multiplication factor represents an
upper bound on recriticality in comparison to the full core with
radial leakage. The calculated eigenvalue is higher than the real
effective multiplication factor and it is quantity between keff and
k1. Nevertheless, it is of less importance, because the purpose of
this study is to compare the relative change in reactivity between
the reference cases and the accident cases. The reference cases
(Section 2.7) were prepared to create a frame of reference to assess
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the eigenvalues for the accident simulations. Computations were
performed for the 3D models representing the hot-full power con-
dition (HFP), cold rodded (CR) and cold un-rodded (CUR) states at
room temperature and pressure (RTP). A similar comparison
approach was applied in Mosteller and Rahn (1994) and Bassam
and Witt (1994).

In this study the Hot Full Power condition provides the refer-
ence eigenvalue of the critical reactor during the steady-state oper-
ation (Mosteller and Rahn, 1994). It is assumed that the
supercritical state is indicated by the eigenvalue higher by 2 SDs
above the obtained HFP eigenvalue (kHFP þ 2SD). On the contrary,
values below 2 SDs indicate the sub-critical state (kHFP � 2SD).
The substantially subcritical state is indicated by the cold rodded
(CR) case with the room temperature and pressure (equivalent to
the cold shutdown) lowered by 2SDs (kCR � 2SD). The cold un-
rodded plus 2 SDs case is equivalent to the substantially supercrit-
ical state (kCUR þ 2SD). Where SDs are statistical errors obtained for
the eigenvalue calculated with the Monte Carlo.
2.6. Steady-state and accident calculations

The core models for the 3D accident calculations were gener-
ated automatically by the code with the output files calculated
by the MELCOR code. They consisted of the four assemblies with
the control blade between them (Fig. 8). Those assemblies mod-
elled the representative unit-cell of the core. A periodic boundary
condition was set on the horizontal boundaries and black boundary
conditions were set on the top and bottom surfaces (US NRC,
2012). Calculations were performed with at least 30,000 neutrons
per cycle, 300 active cycles and 30 initial non-active cycles. The
obtained standard deviations in the case of k-eff calculations had
the magnitude of less than 0.0006.

The average fuel burn-up at the initiation of the 1F3 accident
was found to be 21.8 GWd/tHM (Nishihara et al., 2012). In order
to estimate the fuel burn-up and presence of fuel from three differ-
ent cycles, the model was composed of assemblies with three dif-
ferent average burn-ups. One assembly has average axial burnup
equal to 15 GWd/tHM, two have 22.5 GWd/tHM and one has
30 GWd/tHM. The applied average axial burnup was equal to
22.5 GWd/tHM, it is close to the exact value and it was selected
to avoid the repetition of the single assembly burn-up and decay
calculations. Every single assembly was composed of ten axial
Fig. 9. Axial arrangement of the core unit cell model. Ten axial levels are for the active
example of a degraded core with four intact fuel levels, no control blades nor other stru
levels with ten different isotopic compositions corresponding to
ten different burn-ups. Composition for every level was based on
the 2D burnup calculations with different coolant densities (see
Section 2.4). The axial burnup distribution was prepared applying
averaged bounding axial profile for typical BWR reactors described
in Huffer (2004) and interpolating them to the 1F3 model. After-
wards, an interpolation was applied to adjust the composition to
the different burnup at the given axial level.

The lower left bundle has the lowest average burn-up. Bundles
on the diagonal from the upper left to the lower right were identi-
cal and characterized by the intermediate burn-up while the upper
right had the highest average burn-up (Fig. 8). The analogous
approach to composing the core unit cell was applied in
Mosteller and Rahn (1994) and Bassam and Witt (1994).

The computational domain of the active fuel was divided into
ten axial levels as presented in Fig. 9. The fuel bundle was extended
one level upward to account of the non-active part while the fuel
was exchanged to helium. A one meter long plenum filled with
water was placed below the core. It was filled with the water hav-
ing the temperature of the core inlet water calculated by the MEL-
COR. The structures below the active core were omitted for the
sake of simplicity.

To sum up, thirty, two-dimensional burn-up cases were created
by the decomposition of the three-dimensional case. In each two-
dimensional case, the density of coolant was identical that to the
corresponding axial level of the fuel bundle. After solving all those
cases isotopic composition of the fuel materials at all axial levels
were calculated. This data was used in the subsequent 3D
calculations.
2.7. Reference cases – modelling

The SERPENT reference cases were prepared for the four assem-
bly unit cell models with the average burnup equal to 22.5 GWd/
tHM. Three cases were calculated for the HFP state. The first case
had the density profile, axial fuel, moderator and structure temper-
ature variations (Fig. 10) based on the axial profiles calculation
methodology described in Huffer (2004). They were calculated
for the cell average burnup, renormalized and interpolated for
the 1F3 power profile and geometry. The bypass and the water
channel had densities values of the coolant at the core inlet. The
channel box wall temperature was set to the average of the main
fuel, two are for the top and the bottom part of the core. Left – intact core, right –
ctures.



Fig. 10. Axial variation of the temperatures (left) and moderator density (right) for the reference Hot-Full-Power 3D calculations.

Table 2
Reference cases results with comparison between 1F3 and PB-2 (Mosteller and Rahn, 1994; Bassam and Witt, 1994). SD – standard deviation for Monte Carlo, BOL – Beginning of
Life.

STATE Comment SERPENT 1F3 PB-2 (Mosteller and Rahn,
1994)

PB-2 (Bassam and
Witt, 1994)

State, Temperatures, Void k-inf SD k-inf SD k-inf SD

HFP 3D, variable T and density 1.13767 0.00031 – – – –
HFP Homogenous, 900 K/600 K, 40% 1.11640 0.00032 1.0594 0.0011 – –
HFP Homogenous, 1500 K/600 K. 40% 1.10064 0.00032 – – 1.098 –
HFP Rodded, BOL, 900 K/600 K, 40% – – 0.8141 0.0011 – –
HFP UnRodded, BOL, 900 K/600 K, 40% – – 1.0732 0.0011 – –
CR ColdRodded, 300 K, 0% 1.02546 0.00033 0.9598 0.0012 1.055 –
CUR ColdUnRodded, 300 K, 0% 1.19094 0.00029 – – 1.208 –
CRW Control Rod Worth*, dk/k 0.13550 0.00044 0.2746 0.0019 0.12 –

* Mosteller and Rahn (1994) value is for BOL HFP, 1F3 and Bassam and Witt (1994) are for Cold Rodded and Unrodded states.
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channel and the bypass coolant temperatures at given axial level.
Similarly, the water channel wall temperature was equal to the
average of the in-channel and the water channel coolant
temperatures.

The cross-section data was processed, the Doppler broadening
SERPENT procedure was applied for the fuel (Leppänen, 2015)
and the stochastic mixing approach was used for the structures
(Hoogenboom, 2014). In the case of the water moderator, libraries
for 600 K were utilized with thermal-scattering for the tempera-
ture of 550 K (Doppler procedure is not allowed for moderators
with scattering in Serpent 1.1.19).

Additional two cases were calculated in order to compare the
SERPENT calculations with the 2D PB-2 results. For the 3D model
with the uniform fuel temperatures of 1500 K or 900 K, the moder-
ator and the structure temperatures equal to 600 K and constant
coolant density corresponding to 40% void fraction in the cooling
channel.

The core inventory at the HFP conditions corresponded to the
initiation of the accident (equilibrium Xe and Sm). On the contrary,
the rodded and the unrodded cases had the inventory at the reflod-
ding time (48 h decay) in order to approximate the cold shutdown
state. Cases were prepared for the unvoided core with the temper-
ature of 300 K. All cases contained burnable absorbers as described
in Suyama et al. (2012).

The basic rodded and unrodded results for PB-2 by Mosteller
(Mosteller and Rahn, 1994) were prepared for the 2D model at
the HFP condition with 40% void, the fuel temperature equal to
900 K and other temperatures equal to 600 K. All for the fresh core
(BOL, with no FPs). The two main reference cases were for the
unrodded HFP with 40% void fraction and temperatures of 900 K
and 600 K for fuel and other, respectively. The cold shutdown rod-
ded case had no void and all the temperatures were equal to 300 K.
Both cases contained fuel irradiated to approx. 17 GWd/tHM.
Moreover, for those simulations burnable absorbers were present.

In the work of Bassam andWitt (Bassam andWitt, 1994) results
were obtained for the 40% void fraction, the fuel temperature of
1500 K, the coolant and the structures temperature equal to
560 K. The cold rodded and the unrodded cases were calculated
for the unvoided core with temperature of 300 K. Those results
take into account Xe-135 with Sm-149 exclusively and no other
FPs. No detailed information about the fuel burn-up for this refer-
ence was available. The four unit cell was composed of assemblies
during their first, second and third cycle of irradiation. For that
case, there were no burnable absorbers as the study modelled
the top of the core.

3. Results and discussion

3.1. Reference cases – results

Calculations for the reference cases are presented in Table 2 and
compared with the PB-2 reference results. The SERPENT 3D multi-
plication factor has the highest observed value. When it was recal-
culated for the homogenous fuel temperature equal to 1500 K, it is
closer to the(Bassam and Witt (1994) with 218 pcms difference.
Differently, in the case of homogenous fuel temperature equal to
900 K there is 4819 pcms difference to Mosteller and Rahn
(1994) HFP condition. Hence, it is possible to observe that the dif-
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ference between STEP-3 results and the HFP by Bassam is minor
and in the case of Mosteller it is significant.

The STEP-3 fuel assembly has 32 fuel rods with 4.4wt% and 9
rods with 4.9wt% enrichment (Fig. 4). Remarkably, the PB-2 assem-
bly has lower fuel enrichment with the maximum value equal to
3.01 wt% U235 for 44 rods (Fig. 4). Moreover, the STEP-3 fuel has
twelve rods filled with 5.0 wt% of gadolinium and the PB-2 assem-
bly has only five rods with 3.0 wt% of gadolinium.

The SERPENT model is composed of four bundles (two identical)
with different burn-ups: 15, 22.5, 30 GWd/tHM. An analysis of the
lattice physics calculations showed that those burnups, on the
average, exceed a threshold for the burnable absorbers reactivity
impact – those are burned out. Nevertheless, in this work, both
burnup and gadolinium axial distributions were taken into
account. The analysis showed that gadolinium is present in less
burned assembly tips (see Fig. 7). For the STEP-3 assembly Gd-
157 disappears at 10 GWd/tHM and Gd-155 at about 15 GWd/
tHM. Hence, burnable absorbers are present at bottom tips of
assemblies with average burnup equal to 15 GWd/tHM and
22.5 GWd/tHM. They are also present at the top of all fuel bundles
investigated.

The two-dimensional burnup calculations reveal that the maxi-
mum reactivity for the STEP-3 assemblywith 40% void fraction, fuel
temperature of 900 K and moderator temperature of 560 K corre-
sponds to about 13.5 GWd/tHMwith k1 ¼ 1:18669. For the burnup
equal to 22.0 GWd/tHM, multiplication factor is k1 ¼ 1:11161 and
for 30 GWd/tHM it is k1 ¼ 1:03654. Those values are consistent
with recently published Phase IIIC Benchmark results (OECD/NEA,
2016). In consequence, HFP multiplication factor, which was
calculated, seems to have reasonable value (Table 2).

In the Mostellers work absorbers are still present in the fuel due
to operating regime and fuel burn-up (Mosteller and Rahn, 1994).
In the case of results presented by Bassam burnable absorbers are
not present in the fuel and reactivities are substantially higher
(Bassam and Witt, 1994). In the STEP-3 assemblies burnable absor-
bers are present at the top and bottom of the fuel. In conclusion,
the main reason for the huge differences in reactivity values
between the STEP-3 and the PB-2 assemblies is due to the fuel
enrichment, the fuel burnup axial distribution and the burnable
absorbers axial distribution. Additionally, Table 2 compares the
control rod worths (CRW). The SERPENT STEP-3 value is close to
the Bassam (with difference of 1550 pcm) due to the similar phys-
ical situation and blade models (Cold rodded and unrodded states).

In this study, the sub-critical state is considered for the
multiplication factor lower than 1.13705 (kHFP � 2SD), the super-
critical state is for the eigenvalue higher than 1.13829 (kHFP + 2SD).
Fig. 11. Multiplication factor evolution during reflooding for the original MELCOR mode
initiation time (right).
The substantially sub-critical eigenvalue limit is equal to 1.02480
(kCR � 2SD) and the substantially super-critical is 1.19152
(kCUR + 2SD). All these values are based on the 3D HFP state calcu-
lations (Table 2).

3.2. Accident results

The criticality computations prepared with the SERPENT code
based on the MELCOR code results are presented in this section.
The core model for the Monte Carlo has the same axial nodalization
resolution as the COR package (MELCOR) model. One axial node
has the length of 37.1 cm and it is 1/10th of the active core.

In the case of the original VTT MELCOR model the fuel in the
ring #3 and ring #4 is intact (Fig. 11 right) for the investigated time
interval (47h30 min to 52h30 min). For the modified model the
ring #3 has four intact axial fuel levels and the ring #4 is fully
intact (Fig. 12 right). Other rings were not analysed. They have
no intact fuel and the only exception is ring #2 for the original case.
It has six intact fuel levels but in order to reduce the number of cal-
culation cases it was omitted. What is remarkable there were no
change in the fuel state of all rings for the investigated time
interval.

The evolution of the eigenvalues for the original model (rings
#3 and #4) is presented in Fig. 11. The results for the modified
MELCOR model are presented in Fig. 12. In the original model the
multiplication factor exceeds the limit for the substantial sub-
criticality at 48 h 10 min, while in the modified case it occurs at
48 h 34 min. The limit for the super-criticality is reached around
48 h 24 min and 48 h 43 min for both models respectively. The
limit for the substantial super-criticality was reached in the last
step of the investigated time interval for the original model (ring
#3 and #4) and the modified model (ring #4). The reasons for this
are the following: the core is fully covered with water, coolant and
fuel temperatures are low, structural materials are not present and
fuel rods are fully intact.

As an effect of the MELCOR simulations, the control blades in all
cases were destroyed at the moment of reflooding and a small
quantity of the molten absorber was located at the bottom of the
core (Figs. 1 and 13). The MELCOR code calculations showed that
all the canisters were destroyed before reflooding in both models.
The model generation tool uses the state of the canister boxes to
simulate the state of the inner water channels. Hence, they were
destroyed during the simulated time interval. The presented SER-
PENT modelling assumed that the failed control blades material
was instantly relocated out of the core and there were no molten
absorber material nor debris accumulation.
l (left) and reflooding with fuel state evolution and the estimated first recriticality



Fig. 13. Control rod poison (CRP) and fuel masses distribution for the modified MELCOR model at the reflooding initiation time. Intact active core – axial levels 6–15, radial
rings 1–4.

Fig. 12. Multiplication factor evolution during reflooding for the modified MELCOR model (left) and reflooding with the fuel state evolution and the estimated first
recriticality initiation time (right).
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The results revealed that, almost immediately after the unbo-
rated water entrance to the intact part of the core, recriticality
occurs. In the case of the modified model, merely one axial node
fully covered with water is enough to cause the critical state
(keff > HFP + 2SD). In the case of original model water shall be pre-
sent at least in the second node, slightly above the half of the node
(Fig. 11). The presence of additional absorbing material in lower
levels would potentially delay recriticality, however, when water
reaches higher levels recriticality will occur.

The basic conclusion is that at least 37.1 cm of the intact fuel
covered with water and without control blades is enough to reach
the critical state. Recriticality is more probable for the original
MELCOR model because the core rings #2–4 have intact fuel
assemblies (Fig. 1) and they were covered with water. Differently,
the modifiedmodel has partially intact fuel present in ring #3, fully
intact in ring #4 (Fig. 13) and no fuel in ring #2.
3.3. Sensitivity calculations

The re-criticality hypothesis is supported by the MELCOR simu-
lations presented in the previous section for the situations when
the complete loss of control blades was predicted. A sensitivity
analysis was performed, in order to investigate the control material
presence effect on the recriticality phenomenon initiation. Calcula-
tions were prepared for a fixed CBSF (Control Blade Survival Frac-
tion) equal to 0, 10, 20, 40, 60, 80, 100%. Where CBSF is defined as a
current state of the blades expressed in the percent of the initial
control blade length. CBSF = 0% corresponds to no control blades
in the active part of the core and CBSF = 100% is for control blade
with active core length (3.71 m). The eigenvalues were found for
the fuel state and reflooding scheme as predicted by the MELCOR
code. The active core is fully covered with water after 51 h
11 min and 52 h 14 min for the original and the modified cases
respectively.

For the original model rings #3 and #4 results are nearly iden-
tical (Fig. 14). Their state is the same with an exception being
slightly different temperatures. It is possible to observe that the
deep sub-criticality is maintained only for CBSF = 100% in the
whole time domain. The effect of the core nodalization resolution
observed in the previous section is still correct in this situation.
If there is at least one intact node without control blades, recritical-
ity occurs. The difference in time appears due to the progression of
reflooding and the period of water level higher than the top of the
control blades.

For the modified model ring #3 (Fig. 15-left) and in the case of
CBSF equal to 0.6, 0.8, 1.0, the obtained eigenvalues are deeply sub-
critical. For those cases, the control blade fully covers intact fuel (it



Fig. 14. Control blade sensitivity calculation of the multiplication factor evolution during reflooding for the original MELCOR model. Left – Ring #3; Right – Ring #4. CBSF –
Control Blade Survival Fraction (fraction of the active core length).

Fig. 15. Control blade sensitivity calculation of the multiplication factor evolution during reflooding for the modified MELCOR model. Left – Ring #3; Right – Ring #4. CBSF –
Control Blade Survival Fraction (fraction of the active core length).
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reaches level 4). Those cases are not probable because the control
blade should not fail after the fuel. The case with CBSF = 0.4 is also
deeply sub-critical. The case with CBSF = 0.2 is sub-critical and the
case with CBSF = 0.1 is sub-critical, only below 50 h. Hence, three
axial nodes with intact fuel are enough to reach the super-critical
state. The core without any blades is super-critical (CBSF = 0.0)
but below substantial super-criticality. The modified case ring #4
(Fig. 15 right) is similar to the original cases and some difference
is due to the higher fuel temperatures and more absorptions due
to the Doppler effect. Finally, only a fully covered (with control
blades) core remains in the sub-critical condition.

The upper part of the core has lower burn-up value, hence, there
are higher fissile isotopes concentration, fewer fission products but
more burnable absorbers. When water reaches this region and
there is no control material, the reactivity strongly increases and
this effect is possible to be observed in Fig. 11, 12, 14 and 15 for
the time period above 50 h.

4. Discussion of the uncertainties

The accident results are compared with reference cases which
were a basis for the comparison and the source of the k-eff bound-
ing values. They were applied in order to suppress the influence of
the reactivity uncertainties. The obtained reactivities are uncertain
due to several reasons and these are discussed in this chapter.

The total neutron leakage for a typical BWR core generates
��0.01 dk/k (�1000 pcm) (Mosteller and Rahn, 1994). The pro-
posed core models are radially infinite and in the real case there
is radial leakage which will introduce a negative reactivity. In the
real core, there is more than one type of the fuel assembly with dif-
ferent irradiation state and isotopic contents (including MOX
assemblies). The fuel shuffling patterns are complicated and with-
out the full core calculation, it is difficult if impossible to precisely
predict those effects. There are patterns among the control rods
and on the average, there is less than one control blade per four
fuel bundles due to the core boundaries (Mosteller and Rahn,
1994). In consequence reactivity effect for the case with inserted
control blades is higher than expected for the full core.

The upper and bottom RPV structures are strongly simplified.
The lower plenum is filled with water and no additional structures
like a core support plate were taken into account. They have a
potential to work as a reflector and increase reactivity. Differently,
the direct access to the moderator below the core will increase
neutron moderation in the lower parts of the core but water also
absorbs neutrons parasitically. The upper structures were also
omitted and the upper core plate and other steel structures have
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a potential to work as a reflector. Hence, it is difficult to assess its
influence without a quantitative analysis.

An essential impact onto the reactivity is due to the fission
products presence. A lot of weakly absorbing FPs and actinides
were not taken into account in the presented calculations. It is
especially important for the limited amount of isotopes used in
the accident analysis (Table 1). Fission Products content will cer-
tainly suppress reactivity but in the case of actinides, it depends
on their inventory and complex competition between absorption
and fission reactions. An effect of the early volatile fission products
gas release has potentially an effect on the reactivity but it was not
considered in this work. The noble gases are an important example
especially due to the presence of Xe-135. For instance in work of
Mosteller and Rahn (Mosteller and Rahn, 1994) they assumed that
the half of Xe-135 had escaped from the fuel due to the cladding
failure. To the contrary, in Bassam and Witt (1994) gas release
was not considered in calculations. The NUREG-1465 (US NRC,
1995) for the source term calculations recommends assuming
release of 5% (of the core inventory) noble gases during gap release
accident phase and 95% of noble gases for early in-vessel phase.
Hence, from this point of view, reactivity predicted by the SERPENT
is more negative due to the Xe-135 presence. At the normal HFP
operation, the Xe-135 reactivity impact is approximately equal to
�0.02 dk/k (�2000 pcm) (Mosteller and Rahn, 1994). In this study
Xe-135 and its preceding decay schemes were taken into account.
However, reflooding occurred 48 h after the chain reaction sup-
pression and for that time the Xenon heavily decayed (for 48 h it
is less than 1/5th of the HFP equilibrium concentration) and it
introduced positive reactivity into the core, in comparison to the
HFP state. Another important fission product is Sm-149 and its
impact for the typical BWR according to Mosteller and Rahn
(1994) is approximately �0.005 dk/k (�500 pcm). This isotope
was considered in this research and its decay was taken into
account. The Samarium concentration after reactor shutdown
slightly increased – in comparison to the HFP equilibrium concer-
tation it 17% higher on average and it creates the negative reactiv-
ity effect. What is more, impurities in the structures and cladding
are potentially responsible for a relatively small negative reactivity
being less than �0.001 dk/k (�100 pcm) but it was not taken into
account.

The core state during an early in-vessel phase of the severe acci-
dent is uncertain. The B4C-steel eutectic mixture relocates with
complex patterns and it interacts with various materials and struc-
tures (eg. channel boxes made of Zircalloy). The liquefied mixture
can move downward and re-solidify on the cooler structures at the
lower parts of the core as an effect of the water (steam) cooling. If
the material remains in the core it absorbs neutrons and provides
negative reactivity effect. Another important effect is an increase of
the neutron leakage in a degraded core. It may be substantially lar-
ger than that of an intact core due to the missing fuel rods or whole
fuel bundles.

Nevertheless, reactivity impact of this behaviour is extremely
difficult to assess. Some models of the relocation process were pro-
posed in Mosteller and Rahn (1994) and Bassam and Witt (1994)
but the authors decided to prepare analyses for the core state
based only on the MELCOR code output. Additionally, accumula-
tion of the absorber at the bottom of the core (or below it) was
omitted (Figs. 1 and 13) and it may delay recriticality. An idea
for the future is to develop material relocation models and add
them to the code. A reflooding in the 1F3 occurred after the pri-
mary system depressurization what is believed to be a factor in
the earlier relocation of the control blades and increase in recriti-
cality risk (Frid et al., 2001).

A dedicated water level tracking method was developed in
order to translate water level predicted by the MELCOR code and
transfer it to the SERPENT code. The method uses steam density
above the water surface, water density below the surface and its
position in the control volume (CVH). It calculates mean weighted
density of the mixture with weights fractions defined by the sur-
face position for the given (COR) node. It inevitably introduces an
uncertainty into the reactivity response of the core during the
reflooding process.

The STEP-3 assembly is characterized by a large inner water
channel. This feature has the ability to transfer a large water inven-
tory to the core during reflooding (if they are intact or partially
intact) without the necessity to overcome obstacles created due
to the steam generation in the main cooling channel. It creates a
risk of introduction of a large reactivity due to the promoted mod-
eration by dense and cold water. It is the design difference in com-
parison to the PB-2 design. An open issue is how strong is the
impact of this feature for recriticality risk. Presented simulations
were performed for the situation after complete loss of inner water
channel. In the developed code inner channels were directly cou-
pled (assumption) with channel boxes and they were destroyed
prior to the reflooding. The MELCOR code has no option to simulate
degradation of the inner water channel like those present in the
STEP-3 fuel.

The amount of seawater transferred by fire pumps to the RPV
remains uncertain (Section 1.4) and the core reflooding sequence
is not well defined. The core state during that time remains uncer-
tain and in consequence the risk of recriticality is not very well
known (EPRI, 2013). It is important that the water injection rate
applied in the VTT model (Sevón, 2015a) is claimed to be more
realistic than rates presented in the other sources discussed in Sec-
tion 1.4. The reflooding rate with sea-water for the 1F3 was not sig-
nificant, it has the maximum value equal to about 11 kg/s (Sevón,
2015a).

In the framework of the SARA project, a transient recriticality
analysis was performed for the Olkiluoto BWR (with APROS code)
(Frid et al., 2001). For a low reflooding rate of 45 kg/s, calculated
relative peak power reached 45% of the normal power with a
quasi-steady power equal to about 8%. In the case of 540 kg/s
power burst was equal to 1725% and quasi-steady power was
60%. For the higher flow rate equal to 1350 kg/s, the peak had a
value of 4788% and steady power was about 117%. Finally, for
the highest flow equal to 1900 kg/s, there was a very extreme value
of the peak equal to 144,828% and 319% of the steady power.
Applying the APROS results we may attempt to perform very rough
estimation of a power generation in the 1F3 case. Assuming a lin-
ear dependence for three initial flow values a linear fit was applied
with R2 ¼ 0:9962. In the case of 11 kg/s flow rate calculated peak
power is approximately 38.5% and quasi-steady power 0.99% of
the normal power. According to this very simple estimation, it is
rather not expected for the 1F3, that reflooding led to very strong
power burst. Otherwise, 1% of additional steady power is a quite
large quantity (about 23 MWth). Different estimations are possible
to obtain with results available in the literature (Frid et al., 2001).

In general, this study does not take into account a heat genera-
tion by the recriticality. The phenomenon can lead to water evap-
oration which may stop or delay the reflooding process. It may act
as a negative feedback for the recriticality event and it is important
effect for small reflooding rates. It was the case for the 1F3 and this
kind of a mechanism was very probable.
5. Conclusions

The purpose of this study was to investigate if the recriticality
phenomenon was possible during the early in-vessel phase of the
Fukushima Unit 3 (1F3) accident in the case of the reflooding with
unborated water. In order to execute that, a methodology for
recriticality potential analysis was proposed. It applies the severe
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accident integral code (MELCOR) for prediction of the accident pro-
gression and the Monte Carlo code (SERPENT) for criticality calcu-
lations. The presented methodology extends an older approach to
the criticality safety analysis of a BWR core during severe accident
(Mosteller and Rahn, 1994; Bassam and Witt, 1994).

According to theMELCOR and SERPENT codes results, it was con-
cluded that the recriticality phenomenon was a possible option
during the reflooding phase of the accident which occurred about
48 h after its initiation. It is mainly due to the predicted complete
degradation of the control blades, the presence of intact fuel and
unborated water reflooding sequence. Simulations predicted situa-
tions with fully intact fuel and no control blades simultaneously
present in the core. The basic observation is that at least 37.1 cm
of the intact core without control blades, coveredwithwater is nec-
essary to cause the critical state. It is more likely for the top of the
core, which is less burned and contains fewer fission products. For
the bottom part of the core higher portion of the intact core without
control blades is necessary for the critical state to happen.

The available water level measurements are not in good agree-
ment with the calculated MELCOR results or results presented in
different studies. Hence, no ‘‘experimental” data are available to
support the hypothesis that the recriticality was an actual event.
Nevertheless, plant measurements are believed to be uncertain
due to the severe accident conditions.

It is important to put the emphasis on the fact that the MELCOR
code generally provides approximate answers for the core state
and it should be treated rather as an engineering (tool) analysis.
The physical phenomena occurring during a severe accident are
far more complex than those occurring during typical transients
and design-basis accidents in NPPs. Their modelling is character-
ized by the high degree of uncertainty.

In order to predict recriticality consequences, it is recom-
mended to perform a more detailed study with the application of
a coupled neutron kinetics and thermal-hydraulics solvers similar
to those used in the SARA project with the assessment of the acci-
dent progression impact. Moreover, it is desirable to perform a
study with proper sensitivity and uncertainty analysis to assess
what was the risk of recriticality during the 1F3 accident. An appli-
cation of the different codes like RELAP-SCADAPSIM or ASTEC
would be an interesting development direction. Full core criticality
calculations also seem to be an interesting idea. It is possible to use
lattice calculations and simulate plant fuel cycles with the core
simulator like PARCS. It will provide detailed isotopic inventory
and distribution at the time of the reflooding initiation. Afterwards,
this distribution could be used as an input to the Monte Carlo full-
core calculations for different core state. The full-core 3D Monte
Carlo calculations will allow to perform not only the realistic esti-
mation of the core neutronic state with no simplifications inherent
to the approach described in this paper but also will allow to assess
validity of the new methodology. It is an interesting direction for
the future research.

Finally, it is concluded that the reflooding rate was relatively
low with the value below 11 kg/s. Even if recriticality occurred, it
was not an extreme event and it was potentially mitigated or lim-
ited immediately. Nevertheless, without transient simulation it is
only a speculation.
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