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In a fast reactor, we evaluated a new core concept that prevents severe recriticality after whole-scale molten formation in a severe
accident. A core concept in which Duplex pellets including neutron absorber are loaded in the outer core has been proposed.
Analysis by the continuous energy model Monte Carlo code MVP using the JENDL-4.0 nuclear data library revealed that this fast
reactor core has large negative reactivity due to fuel melting at the time of a severe accident, so that the core prevents recriticality.
Regarding the core nuclear and thermal characteristics, the loading of Duplex pellets including neutron absorber in the outer core
caused no significant differences from the normal core without Duplex pellets.

1. Introduction

In the Fukushima Daiichi Nuclear Power Plant accident, it
is estimated that fuel melted and that molten fuel penetrated
the pressure vessel and accumulated in a debris state at the
bottom of the containment vessel. Even in this accident the
possibility of recriticality depending on the conditions in the
fuel melting state and the subsequent debris state has been
pointed out.

Since a fast reactor core is not a minimum criticality
system, it is essential to consider recriticality at the time of
fuel melting. That is, since coolant is eliminated by molten
fuel and the reactor core compacts, the neutron spectrum is
hardened, so that there is a high possibility that recriticality
will occur unless fuel is dispersed. For this reason, it is
important to prevent recriticality in any fuel arrangement
state such as fuel melting in the fast reactor. Many studies [1–
5] on avoiding recriticality at the time of fuel melting have
been published.

In the current large-scale reactor design, in order to
avoid recriticality in a core damage accident, a fuel assembly

provided with an internal duct [1, 2] or corium discharge
tube [3] having a function of discharging molten fuel is
adopted. Such empty ducts adopted in the core will reduce
the power density or distort the power distribution. In the
case of adopting the internal duct assembly, the core was
designed by being paid attention to power distortion due
to the arrangement of the internal channel, manufacturing
difficulty, and rotational asymmetry at the refueling.

However, ameasure to prevent recriticality even if molten
fuel accumulates on the lower axial blanket in the core would
further improve the safety of the fast reactor.

We discuss a concept aimed at preventing recriticality by
adopting a core having Duplex pellets with neutron absorber.
Figure 1 shows the concept of Duplex pellets with neutron
absorber. Duplex pellets were studied for use in light water
reactors [6, 7]. In PWR, studies on enriched uranium fuel
with natural uranium in the center were conducted to keep
the fuel center temperature low and to reduce the emission of
fission product gas. In addition, in BWR, in order to reduce
power peaking in the beginning stages of burnup, research on
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Figure 1: Concept of Duplex pellet with neutron absorber material.
A hole with a diameter of approximately 1mm is provided at the
center of the fuel pellet.

Duplex pellets ofMOX fuel with Gd
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3
at the center was also

conducted.
In this study, a hole with a diameter of approximately

1mm is provided at the center of the fuel pellet, and a neutron
absorber such as Gd

2
O
3
(absorption cross section of 157Gd

is approximately 800 barns for the fast neutron spectrum) is
placed therein. In the core havingDuplex pelletswith neutron
absorber, this fuel pellet has little influence on reactivity due
to the self-shielding effect of the central neutron absorber.

In a severe accident, prior to formation of melt pool, the
rapid power increase and the fuel melting and the movement
of melt fuel occur, and it causes mixing of the melt core
material. It is assumed that all core fuel melts together with
the structural material and accumulates on the axial blanket
surface, where it is prevented from being removed from the
core. In the fuel molten state, it is believed that the central
Gd
2
O
3
melts and disperses together with molten fuel in a

homogeneous manner. As the neutron absorber is homo-
geneously dispersed, the self-shielding effect disappears, the
neutron absorption effect of the neutron absorber increases,
and negative reactivity results.

Research has been conducted on the concept of a
fast reactor core that prevents recriticality accident using
Duplex pellets with neutron absorber [8]; however, the model
adoptedDuplex pelletswith neutron absorber throughout the
reactor core. Results showed that when the fuel and the neu-
tron absorber were melted into a homogeneous mixture in all
fuel pins throughout the core, the compaction reactivity was
negative at approximately -1.6%Δ𝜌 while the burnup reac-
tivity increased significantly. In addition, installing Duplex
pellets with neutron absorber into all fuel assemblies would
increase the manufacturing cost.

Therefore, as a new idea, we considered the use of Duplex
pellets with neutron absorber only in the outer core of the
reactor. In this study, we evaluated compaction reactivity at
the time of fuel melting, burnup reactivity, void reactivity,
and Doppler reactivity, which are important to core safety,
thermal characteristics, etc. Figure 2 shows the concept of
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Figure 2: Concept of recriticality prevention with Duplex pellet
with neutron absorber in the outer core of the fast reactor.

recriticality prevention using Duplex pellets with neutron
absorber in the outer core of the fast reactor.

In this study, we propose a new core concept that prevents
severe recriticality after whole-scale molten formation in a
severe accident. It is clarified that the adoption of Duplex
pellets with neutron absorber does not affect the safety and
operating characteristics of the normal core without Duplex
pellets.

2. Calculation Model

A method of filling oxide granules (Gd
2
O
3
) was selected on

the basis of the behavior of the neutron absorber during
normal operation and core melting. To arrange a core with
Duplex fuel pellets, fuel filled with Gd

2
O
3
granules in the

center hole ofMOX fuel pellets was placed in the outer core of
the reactor.The density and melting point of Gd

2
O
3
are 7.41 g

/ cm 3 and 2330∘C.
A large fast reactor core with a thermal power of 3600

MW and an electric power of approximately 1500 MWe was
used in this study. The reactor core has two homogeneous
regions, core height is 80 cm, and the number of control rods
is 55. The operation period is assumed to be 18 months.

Table 1 shows the specifications of the normal core and
the core having Duplex pellets with neutron absorber. The k-
eff value of the normal core is 1.0358. On the other hand, the
k-eff value of the core having Duplex pellets with Gd

2
O
3
is

1.0357.The k-eff values for both cores are almost same.
The compaction reactivity and core characteristics such

as the breeding ratio, void reactivity, Doppler reactivity, etc.
have been evaluated by the continuous energy Monte Carlo
code MVP[9] using the JENDL-4.0 nuclear data library [10].
The accuracy of the evaluated reactivity was approximately
0.2%. Burnup calculation was executed byMVP-BURNcode,
which is the MVP’s burning routine [8].
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Table 1: Core specifications of normal core and the core having Duplex pellets with neutron absorber.

Item Normal core without
Duplex pellets

Core having Duplex pellets
with neutron absorber in

the outer core fuel
Reactor power (MWt) 3600 3600
Core height (cm) 80 80
Number of assemblies in
inner/outer core 316/278 316/278

Assembly pitch 183.2 183.2
Diameter of fuel pin 8.8 8.8
Pu contents (wt%) in
inner/outer core 18.3/22.9 18.3/22.9

Number of fuel pins in an
assembly 271 271

Thickness of wrapper tube
(mm) 5 5

Neutron absorber material
in Duplex pellet - Gd

2
O
3

Diameter of center hole in
Duplex pellet (mm) - 1

Location of assemblies with
Duplex pellets - Outer core

Filling rate of neutron
absorber material (%) - 60

Table 2: Comparison of compaction reactivity between the core having Duplex pellets with neutron absorber in the inner and outer cores.

Item
Core having Duplex pellets
with neutron absorber in

the inner core

Core having Duplex pellets
with neutron absorber in

the outer core
Compaction reactivity(%Δ𝜌) +4.0 -1.7

3. Results and Discussion

First, we compared the effect of Duplex pellets with neutron
absorber on the compaction reactivity between the cases
of loading in the inner and outer cores. Table 2 shows the
comparison of compaction reactivity between the two cases
having Duplex pellets with neutron absorber.

The compaction reactivity was found to be negative (-
1.7%Δ𝜌) when Duplex fuel with neutron absorber was loaded
into the outer core, while it was found to be positive (+4%Δ𝜌)
when Duplex fuel with neutron absorber was loaded into the
inner core.

In the case of loading Duplex fuel with neutron absorber
into the inner core, it is estimated that the neutron absorber
having negative reactivity spreads from a region having a
higher reactivity worth in the inner core to a region having
a lower reactivity worth in the outer core due to melting,
causing positive reactivity. On the other hand, when the
Duplex fuel with neutron absorber is placed only in the
outer core, the neutron absorber spreads from a region of
lower reactivity in the outer core to a region of higher
reactivity in the inner core at the time of fuel melting, causing
negative reactivity. That is, the compaction reactivity in case
of loading Duplex pellets with neutron absorber in the outer
core becomes negative.

Table 3 shows a comparison of the compaction reactivity
for the normal core without Duplex pellets and the core
having Duplex pellets with neutron absorber in the outer
core. Figure 3 shows the MVP calculation model of the core
having Duplex pellets with neutron absorber and the melted
core. It is considered that the upper axial blanket will not
melt due to low temperature and keep original form. For
conservative evaluation of compaction reactivity, the upper
axial blanket will not fall into melt pool.

The compaction reactivity of the normal core without
Duplex pellets is positive (+3.9%Δ𝜌), while the compaction
reactivity when the Duplex pellets with the neutron absorber
are loaded on the outer core is negative (-1.7%Δ𝜌). It was
revealed that the loading of the fuel having Duplex pellets
with neutron absorber into the outer core of the fast reactor
is effective in preventing recriticality.

Next, the core nuclear and thermal characteristics were
evaluated when Duplex pellets with neutron absorber were
loaded on the outer core of a fast reactor. Table 3 shows
the core nuclear characteristics for the normal core without
Duplex pellets and the core having Duplex pellets with
neutron absorber in the outer core.

It was found that the void reactivity was nearly the same
in the both cases.
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Table 3: Results of compaction reactivity and nuclear characteristics of normal core and core having Duplex pellets with neutron absorber.

Item Normal core without
Duplex pellets

Core having Duplex pellets
with neutron absorber in

the outer core fuel
Compaction
reactivity(%Δ𝜌) 3.9 -1.7

Doppler reactivity
(×10−3Δ𝜌/(ΔT/T)) -8.9 -8.1

Void reactivity (%Δ𝜌) 1.6 1.7
Breeding ratio 1.17 1.21
Burnup reactivity
(%Δk/kk’/year) 2.26 2.33

LEVEL: −2 WHAT: material

LEVEL: −2 WHAT: material LEVEL: −2 WHAT: material

LEVEL: −2 WHAT: material(−300.00, 1.10, 300.00)

(−300.00, 1.10, 0.00) (300.00, 1.10, 0.00)

LEVEL: −2 WHAT: material

No axial blanket
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Figure 3: MVP calculation model of the core having Duplex pellets with neutron absorber and the melted core. The vertical and horizontal
cross-sections of the two cores.

The Doppler reactivity is more negative in the case of
loading Duplex pellets including neutron absorber into the
outer core than it is in the case of the normal core. It is
estimated that the decrease in the absolute value of Doppler
reactivity due to the absorption of low energy neutrons, i.e.,
hardened neutron spectrum, is greater than the increase in
the absolute value of Doppler reactivity due to the rise in the
power of the inner core.

The breeding ratio is greater in the case of loading Duplex
pellets including neutron absorber into the outer core than in

the case of the normal core. It is estimated that the breeding
ratio in the axial blanket is greater in the inner core having
less neutron leakage. Therefore, when loading Duplex pellets
including neutron absorber in the outer core, it is thought that
the breeding ratio increased due to the increasing power of
the inner core.

The burnup reactivity was nearly the same in the both
cases.

According to the burnup calculation, it was found that
the depletion of 157Gd under irradiation was about 5% for 18
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Figure 4: Comparison of assembly power between the normal core
without Duplex pellets and the core having Duplex pellets with
neutron absorber. The difference in the assembly power between
both cores is insignificant.

months. It is considered that the reactivity effect of mixing
Gd
2
O
3
with fuel was not large different for the irradiated core

and for the initial core.
Evaluation of the core characteristics revealed that even

whenDuplex pellets including neutron absorber were loaded
in the outer core, there were no significant differences from
the normal core without Duplex pellets from the viewpoint of
core characteristics and that satisfactory operation is likely.

Figure 4 shows the comparison of assembly power
between the normal core without Duplex pellets and the core
having Duplex pellets with neutron absorber. The assembly
power of the outer core loaded with Duplex pellets including
the neutron absorber is generally lower than that of the outer
core in the normal core. On the other hand, the assembly
power of the inner core of the core loaded with Duplex pellets
including the neutron absorber is greater. However, since the
central diameter of the neutron absorber is 1mm and the
loaded amount of absorber is small, the difference in the
assembly power between both cores is insignificant.

Figure 5 shows the comparison of assembly flow rate
between the normal core without Duplex pellets and the
core having Duplex pellets with neutron absorber. Since the
influence on the flow distribution is small, themaximumflow
rate is nearly the same in both the cores. The pressure loss
of the core loaded with Duplex pellets including the neutron
absorber is 0.18MPa, which satisfies the design condition.
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Figure 5: Comparison of assembly flow rate between the normal
core without Duplex pellets and the core having Duplex pellets with
neutron absorber.

From the viewpoint of thermal characteristics, there is
no significant difference between the normal core without
Duplex pellets and the core loaded with Duplex pellets
including the neutron absorber.

Regarding the behavior under irradiation of Gd
2
O
3
,

based on the reference [11] and thermodynamic calculation,
it is estimated that Gd

2
O
3
remains stable in the central region

of MOX fuel even under irradiation.
The interaction between Gd

2
O
3
and the minor actinides

and fission products formed during MOX fuel irradiation
is estimated not to make oxidation by thermodynamics
calculation.

The additional studies are needed to check whether
Gd
2
O
3
remains at its initial location during irradiation.

We also think that the additional studies are needed to
check whether distribution of Gd

2
O
3
in the molten core is

homogeneous.

4. Conclusions

To enhance the safety of a fast reactor, we studied a new
core concept that prevents recriticality even when fuel melts
in an accident. A core concept in which Duplex pellets
including neutron absorber are loaded in the outer core has
been proposed. As a result of analysis using the continuous
energy Monte Carlo codeMVP using the JENDL-4.0 nuclear
data library, it was found that the present fast reactor
core has a large negative compaction reactivity due to fuel
melting at the time of an accident, so that the core does not
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reach recriticality. Regarding the core nuclear and thermal
characteristics, even whenDuplex pellets including a neutron
absorber were loaded in the outer core, it was found that there
were no significant differences from the normal core without
Duplex pellets and that satisfactory operation is likely.

As a result of this study, we confirmed the possibility of
creating a new fast reactor concept which prevents recriti-
cality due to negative compaction reactivity when fuel melts
during an accident and does not affect the core nuclear and
thermal characteristics during normal reactor operation.

In the future, we have a plan to conduct melting experi-
ments of mixing Gd

2
O
3
andMOX using simulated materials.

We also think that it is necessary to perform the detail
calculation and experimental verification for MVP code.
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