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Summary

This study compares three fuel types using neutronic analysis for use in a
sodium-cooled fast reactor (SFR) design with a modified CANDLE (Constant
Axial shape of Neutron flux, nuclide densities, and power shape During Life of
Energy production) radial shuffling strategy. SFR is one type of generation IV
reactor that is currently under investigation for commercial implementation.
In this study, the SFR design utilizes natural uranium as the fuel input. The
designed reactor core has a two-dimensional cylindrical geometry for each fuel
mixed oxide (MOX), uranium-plutonium nitride ([U-Pu]N), and uranium-
plutonium zirconium ([U-Pu]Zr). A radial shuffling strategy, using natural
uranium as the fuel input, is applied to the SFR to manage the nuclear fuel
burn-up process of the long-life reactor. This strategy is called the modified
CANDLE burn-up scheme. The reactor core is divided into 10 regions with
equal volume to represent the 10 years that the reactor operates without
refueling. Initially, the first (innermost) region of the reactor core is filled with
natural uranium fuel. The result of the burn-up from the first region is then
shuffled into the second region. The third region is the result of the burn-up
that is shuffled from the second region, and so on. This mechanism only
requires natural uranium as the input for each 10-year fuel cycle. In this study,
the fuel movement scheme is examined for three fuels. Global neutronic
parameters, such as the multiplication factors and burn-up analyses, are
observed and optimized. Overall, for an output power of 500 MWth and an
active core radius of 110 cm and height of 210 cm, the study indicates that (U-
Pu)N is the optimal fuel to be applied in the SFR with a modified CANDLE
burn-up scheme. (U-Pu)Zr reaches a critical condition at an output power of
500 MWth with an active core radius of 130 cm and a height of 210 cm;
whereas criticality for MOX is achieved at an output power of 1500 MWth with
an active core radius of 210 cm and a height of 210 cm.
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1 | INTRODUCTION

The nuclear community is working to improve the safety
and efficiency of nuclear reactor systems. To achieve this
goal, the physical phenomena in the reactor must be
identified and investigated as the basis for the design and
methodology of new reactors." The sodium-cooled fast
reactor (SFR) is one of the six types of Generation IV
reactors recommended by the Generation-IV Interna-
tional Forum (GIF) as candidates for future reactors. The
SFR is the most promising reactor type because it can
achieve the Generation IV goals in a reasonable amount
of time, based on experience accumulated over the years.?
Generation IV reactors have the potential to ensure
safety, economic competitiveness, reduction in environ-
mental burden, efficient utilization of resources, resis-
tance to nuclear proliferation, and enhanced physical
protection.>® Recently, design and construction work
have started on active advanced SFR research projects,
such as the Advanced Sodium Technological Reactor
for Industrial Demonstration (ASTRID) in France and
Prototype Generation-IV Sodium-cooled Fast Reactor
(PGSFR) in South Korea.” The commercial Japan
Sodium-cooled Fast Reactor (JSFR) was included offi-
cially in their national plan with a start-up target date of
2025° and operation target date of 2050.°

Neutronic, thermal-hydraulic, and safety analyses are
required in nuclear reactor design. Neutronic review is
the most crucial aspect in nuclear reactor design and sim-
ulates the actual neutron behavior inside the reactor core.
The behavior of the neutron, as they react with materials,
can be expressed as the neutron flux distribution, whose
mathematical representation is given by the neutron
transport equation.”® Neutron transport involves the dis-
tribution, movement, and interaction of the neutron with
the nucleus in the reactor core. The problem of neutron
transport must be solved to determine the distribution
of neutrons as a function of time, position, and energy.
The distribution of neutrons is very influential in reactor
power production. In addition to the flux distribution
characteristics and neutron analysis also cover the fuel
burn-up process. This burn-up study describes an effec-
tive and efficient nuclear fuel management strategy, and
studies the lifetime of the nuclear reactor.

One of the approaches to improve reactor fuel effi-
ciency is to innovate the refueling process with a shuf-
fling strategy.”'® The aim of this study is to design
an SFR that has the ability to operate without refueling"*
for different types of fuels over a long period of time.
The modified Constant Axial shape of Neutron flux,
nuclide densities, and power shape During Life of Energy
production (CANDLE) burn-up shuffling strategy is a
modification of the original CANDLE' burn-up, where

the burning region moves along the direction of the core
axis without changing the spatial distribution of density,
nuclides, neutron flux, and power density."* The modified
CANDLE radial shuffling strategy is implemented to regu-
late the use of natural uranium as a nuclear fuel so that
the reactor can operate without fuel enrichment. This strat-
egy is similar to the breed and burn reactor, also known
as a traveling wave reactor (TWR)."® Reactor core perfor-
mance shuffling strategies have also been implemented
along the axial,'® radial,”"® and mixed axial-radial® direc-
tions. The burn-up process of radial fuel shuffling with nat-
ural uranium as applied to SFR technologies has been
carried out in previous studies for TWRs.'>'¢

This study is conducted on an SFR design with a
cylindrical core, based on a design with an output power
of 500 MWth and a 10-year refueling period for an oper-
ating time of 100 years using the Standard Reactor Analy-
sis Code (SRAC) system.'” The effects of neutronic
analysis parameters, such as the effective and infinitive
multiplication factor, burn-up levels, conversion ratio,
and the density of nuclides, on SFR design with different
fuel types (uranium-plutonium zirconium ([U-Pu]Zr),
uranium-plutonium nitride ([U-Pu]N), and mixed oxide
(MOX) are investigated. MOX and (U-Pu)Zr have been
studied as SFR fuels,'® and (U-Pu)N is deemed the most
promising fuel previously used in the simulation of a
modified CANDLE reactor.”'® Such analysis with varying
the fuel types with the modified CANDLE burn-up shuf-
fling strategy in the radial direction is expected to help
identify the optimal type of fuel for the SFR.

2 | DESIGN CONCEPT AND
METHODOLOGY

Reactor designs using MOX*° and (U-Pu)N*' fuels
have been studied previously, including calculations at
the level of nuclear fuel cells.??> In addition, metallic
uranium-based (U-Zr) fuels have been previously consid-
ered for use in carbon dioxide gas-cooled fast reactors
(GFR).*® The initial parameters of the SFR design for this
study are listed in Table 1.

The designed reactor core was divided into 10 regions
that have the same volume of nuclear fuel in the radial
direction. At the beginning of reactor operation, fresh
fuel was loaded in the first region of the reactor core. The
results of the burn-up in the first region were shuffled
into the second region after 10 years of simulated burn-
up. The results of burn-up in the second region were
shuffled into the third region, and so on. The fuel move-
ment continued until the results of the burn-up in the
ninth region were shuffled into the 10th. Furthermore,
the results of the burn-up process in the 10th region were
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TABLE 1 [Initial parameters of the sodium-cooled fast reactor

(SFR) core design
Parameters Specification
Cell geometry Cylinder

Core geometry

2-D cylinder

Number of regions in radial 10 regions
Refueling period 10 years
Reactor lifetime 100 years
Output power 500 MWth

Fuel MOX, (U-Pu)N, (U-Pu)Zr
Cladding SS316
Coolant Na
Configuration of coolant Pool type
Fuel fraction 65%
Cladding fraction 10%
Coolant fraction 25%

Pin pitch 1.4 cm
Active core height 210 cm
Active core diameter 220 cm
Reflector width 50 cm

removed from the reactor core so that the first region
could be filled with fresh fuel for up to 100 years of reac-
tor operation. In other words, when fresh fuel was loaded
into the first region, the fuel in the 10th region from the
previous burn-up period could be removed from the
core.”! The same mechanism was used for MOX, (U-Pu)
Zr, and (U-Pu)N fuels. Furthermore, global parameters
such as the effective and infinite multiplication factors
(kegr and kin¢) and burn-up process were investigated. The
mechanism of the burn-up process using the radial shuf-
fling strategy is shown in Figure 1. The characteristics of
the fuel density and smear density of each fuel type are
shown in Table 2. The composition of the fresh fuels of
interest in this study is shown in Table 3.

The SFR design was completed using the SRAC sys-
tem."” The library data used in the study were from the
fourth version of the Japanese Evaluated Nuclear Data
Library (JENDL-4.0) with a two-dimensional RZ shuf-
fling strategy of the cylinder core for different nuclear
fuels to an output power of 500 MWth. The modified
CANDLE burn-up scheme was proposed to fulfill the
requirement that the reactor core maintain its criticality
for 10 years of burn-up, allowing optimal neutronic cal-
culation of the reactor core.’® In the SRAC system, the
group constant and burn-up in the nuclear fuel cell calcu-
lation was used in the collision probability calculation
(P1J) and diffusion calculation (CITATION) modules for
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FIGURE 1 (A) Geometry and core size; (B) cross section of the
sodium-cooled fast reactor (SFR) core region in the radial direction;
(C) shuffling strategy in the radial direction [Colour figure can be
viewed at wileyonlinelibrary.com]|
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TABLE 2 Density of fuel types with smear density
Fuel Density Smear Density
Types (g/cm®) (%)**
MOX 10.5%4% 85
(U-Pu)N 14.32°° 85
(U-Pu)Zr 15.8%7 85
TABLE 3 The composition of each design fuel type
Fuel types Fuel content Composition (%)
MOX 35y 0.71
B8y 99.29
239Pu Oa
%0 100.00
(U-Pu)N 235y 0.71
Z8y 99.29
239Pu Oa
15N 100.00
(U-Pu)Zr By 0.71
B8y 99.29
239Pu Oa
40zr 10.00

2At the beginning of the burn-up period, 2**Pu is not yet formed as a result
of natural uranium utilization.

multi-group diffusion calculation and burn-up analysis in
the reactor core. The PIJ and CITATION modules were
selected for use in this study because the fuel used in the
reactor core had a homogeneous distribution in each
region. As the burn-up process used a modified CANDLE
scheme, the reactor core was in a quasi-equilibrium state.
The first neutronic calculation required to determine the
distribution of power density in each region of the core
reactor was the burn-up calculation. After obtaining the
latest burn-up analysis, multi-group diffusion calcula-
tions were carried out to obtain the new power density
distribution, which was then used to update the burn-up
calculation.’® The detailed procedure is as follows. First,
cell calculation and burn-up processes such as the infi-
nite multiplication factor (ki,¢), burn-up level, integral
conversion ratio, and fuel nuclide density of each fuel
were executed by the PIJ module. In this first step,
the required input data were the initial guess of the
power level; diameter and geometry of the cell; type of
fuel cell; fraction of fuel; structure; and coolant (see
Table 1). Second, the results of cell calculations in the PIJ
module were homogenized and collapsed into eight
energy groups of macroscopic cross-section data. These
group constants were used in the two-dimensional RZ

geometry of multi-group diffusion calculations in the
reactor core. These calculation processes were repeated
according to the desired burn-up processes and fuel
involved, and the results were saved in the user library.
Data from the user library were used as input for the
CITATION module to calculate the effective multiplica-
tion factor (keg) and burn-up levels in the reactor core. In
this step, discretization was carried out by dividing the
radius of the reactor core into 20 meshes of 10 regions.
From the CITATION data, the new burn-up level values
were obtained, which were later used in the P1J module.
The processes were repeated until a homogeneous power
level was obtained. Homogeneous power is reached when
the difference in power level in each region is less
than 107°.

3 | RESULTS AND DISCUSSION
3.1 | Criticality and neutronics reactor
parameters for different fuels

The neutronic analysis of the SFR design was considered
for three types of nuclear fuel (metallic fuel [(U-Pu)Zr],
nitride fuel [(U-Pu)N], and oxide fuel [MOX]) with an
output power of 500 MWth. Figure 2 shows the results of
the effective multiplication factor (keg) calculation of the
first burn-up period of the reactor for each fuel. The kg
value was obtained from the CITATION module.

In order to calculate the expected burn-up over a
10-year period, the calculation was repeated five times,
once every 2 years. The data were calculated for an out-
put power of 500 MWth with an active core radius of
110 cm and an active core height of 210 cm. The (U-Pu)N
fuel provided the highest multiplication factor among all
the fuels and was in a critical condition for the full burn-
up time. The (U-Pu)Zr fuel was subcritical at the begin-
ning of life (BOL) and reached criticality at the end of
life (EOL). On the other hand, the MOX fuel was subcriti-
cal throughout the burn-up time. One of the factors that
influenced reactor criticality was the atomic density of
the constituent core materials. Table 4 shows that the
(U-Pu)N fuel had the highest atomic density compared to
the other types of fuel. Higher fuel density and a higher
number of neutrons produced from fission reactions
result in a higher reactor criticality level. Continuation of
fission in the reactor core requires a higher fuel fraction
of more extensive fissile materials. This is because, in the
fast reactor, the fission reaction rate pertains only to
the fuel region.” Figure 2 also shows that the k. of the
(U-Pu)Zr fuel indicates that it is the best option for the
SFR core design using the modified CANDLE burn-up
strategy. However, in general, modified CANDLE reactor
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FIGURE 2
factor keg of first burn-up period for

Effective multiplication

each fuel [Colour figure can be viewed
at wileyonlinelibrary.com]
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TABLE 4 Atomic density of the fuel types at the beginning of
life (BOL)
Fuel Fuel Atomic density
types content (g/cm?) 85%"™°
MOX B3y 1.4317E—04
B8y 1.9760E—02
239Pu 0
150 1.9904E—02
(U-Pu)N 235y 2.0919E—04
38y 2.8872E—02
239Pu 0
15N 2.9083E—02
(U-Pu)Zr 235y 1.7668E—04
Z8y 2.4385E—02
239Pu 0
407y 2.4563E—03

studies use (U-Pu)N as fuel in core designs.28'31 Even
though criticality was not achieved for the (U-Pu)Zr and
MOX fuels, they can be used for the SFR core design with
the modified CANDLE burn-up strategy. In Sections 3.2
and 3.3 of this paper, optimization is carried out for these
fuels to show that the reactor can reach criticality and is
expected to operate successfully for 10 years without
refueling, with only natural uranium as the fuel cycle
input.

Figure 3 shows the ki, values of the three types of fuel.
The value of k;,r is a ratio of the number of neutrons in
one generation with the number in the previous generation
without considering neutron leakage. The ki ¢ value of the
(U-Pu)N fuel rapidly increased to the supercritical condi-
tion peak after 50 years. After that, it slowly decreased to
the critical condition at 72 years and remained there until

Burn-up time (years)

the EOL. The (U-Pu)Zr fuel reached the critical condition
after 20 years of burn-up time and continued to increase
until it began to decrease at 60 years (which was a little bit
earlier than the (U-Pu)N fuel), continuing to be critical
until the EOL. The MOX fuel had roughly the same pattern
as the (U-Pu)Zr fuel; after reaching a critical state at
20 years, its k;,r continued to increase until beginning to
decrease at 52 years and becoming subcritical at the EOL.

The ki,r value of all fuel types increased rapidly at the
beginning of the first fuel burn-up period. This was cau-
sed by the presence of natural uranium in the fresh fuel.’
At the beginning of the burn-up period, the amount of
fissile material inside the reactor core is still small; how-
ever, it increases rapidly, resulting in the increase in the
burn-up rate. The fertile material uranium-238 (***U)
produces the fissile material plutonium-239 (***Pu) and
therefore leads to an increased neutron population until
the peak critical condition is reached. This process is cau-
sed by the reduced amount of fissile material in the reac-
tor. As a result, the neutron population in the reactor
core also decreases.

Figure 4 shows the burn-up trend for the studied fuel
types as a function of operation time. The output power
was set to 500 MWth. The burn-up process for all the fuel
types followed a similar pattern during the reactor oper-
ating life. The burn-up level increased slowly during
the early burn-up period and then rapidly in the subse-
quent burn-up period.'® In the first 10 years of reactor
operation or the first fuel burn-up period, the reactor was
filled with fresh fuel, and the natural uranium fraction
retarded the burning process. With the addition of fresh
fuel every 10 years, the burn-up rate increased over the
prior fuel load for the next 40 to 50 years.” All fuel mate-
rials in a nuclear reactor will continue to undergo reac-
tions while the reactor operates.
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Figure 4 shows that the MOX fuel has the highest
burn-up level. Table 2 indicates that the MOX fuel has the
smallest density, and in order to achieve 500 MWth of
power, more fuel must be burned to reach a critical condi-
tion. However, Figure 2 shows that, despite the high
burn-up rate of the MOX fuel, it was not able to reach
critical conditions during the burn-up time. The (U-Pu)N
fuel had the lowest burn-up level; however, Figure 2 indi-
cates that the amount of fuel burned in the reactor core
was sufficient to maintain the reactor in a critical condi-
tion during the burn-up period. The maximum burn-up
levels of the three types of fuel ([U-Pu|N: 30.15% heavy
metal [HM], [U-Pu]Zr: 35.71% HM, and MOX: 44.07%
HM) are relatively high given the assumed cladding mate-
rial resistance. Currently, the cladding material SS316,
which was used in SFR core designs, is able to withstand
irradiation up to 150 displacements per atom.’” Nagata

(2]
o
-
o -
o

et al** and Sekimoto et al** provide a solution for this
problem, which is called a recladding strategy. In this
strategy, when the cladding material has reached its maxi-
mum irradiation, it is replaced with a new cladding.

The conversion ratio compares the amount of fertile
material (**®*U) that turns into fissile material (***Pu).
Figure 5 shows the conversion ratio as a function of
the burn-up period for the three fuel types, assuming
500 MWth output power of the reactor. The conversion
ratio of all fuel types decreased from 15 for all fuel types
to approximately 1 during the burn-up process. There
was no significant difference in the pattern by fuel type.
At the beginning of fuel burn-up when the fuel is domi-
nated by natural uranium, the conversion ratio of the
(U-Pu)Zr fuel was higher than that of MOX and (U-Pu)N
fuel. Consequently, the proportion of atomic density of
fertile to fissile material was substantial. The conversion
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ratio of all fuel types decreased rapidly in the first burn-
up period, decreased at a slower rate through the
sixth fuel burn-up period, and yet more slowly until
the end of the reactor life. As the burn-up process occurs,
the ***U isotope density decreases, the amount of pluto-
nium formed increases, and the atomic ratio of the
fertile-to-fissile material is reduced. This causes the con-
version ratio to decrease.’ Figure 5 shows that the (U-Pu)
Zr fuel for the SFR design experienced a greater change
of fertile material into fissile material in the operation of
the reactor than (U-Pu)N. Based on Figure 4, (U-Pu)Zr
has a higher amount of fissile material in the core
than (U-Pu)N; this was proportional to the density of
each fuel. If the fuel density is high, the change in ***U to
#39Py is also considerable.

Figure 6 shows the change in the atomic density of
the fertile material >**U during the operation time of the

20 40 60 80
Burn-up time (years)

100

reactor. The atomic density of **U for all types of fuel
decreased steadily throughout reactor operation due to
the fission process in the reactor core.

Figure 7 shows the change in the atomic density of
the fissile material **Pu during operation of the reactor.
At the beginning of reactor operation, the atomic density
of **Pu for each fuel was zero because it had not yet
been produced. After 40 years of reactor operation time,
the **°Pu atomic density had increased rapidly due to the
conversion of fertile into fissile material. Larger amounts
of *°Pu increase the criticality of the reactor.

Based on Figures 6 and 7, the (U-Pu)N fuel had the
highest atomic density of both 2**U and **°Pu, followed
by (U-Pu)Zr, and the lowest densities belonged to MOX
during the burn-up time. The atomic densities of ***U
and **’Pu were approximately proportional to the atomic
density of each fuel, as shown in Table 3.
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3.2 | Optimization of (U-Pu)Zr fuel radius. At an active core radius of 120 cm, the reactor

in SFR design using modified CANDLE
strategy

Initially, the SFR with the (U-Pu)Zr fuel was designed
with a 110 cm active core radius and 210 cm active core
height for 500 MWth output power. The data showed
that the reactor was in the subcritical condition at
the BOL, but it reached critically by the EOL. Hence, the
SFR design was adjusted to allow the reactor to reach
criticality more efficiently along the burn-up time. The
optimization of the SFR was carried out by increasing the
value of the active core radius in 10 cm increments, while
maintaining a constant active core height of 210 cm. The
results are shown in Figures 8 to 10. Figure 8 shows that
the SFR with (U-Pu)Zr fuel reached a critical condition
quicker than the other fuels at 130 cm of active core

was still in a subcritical condition at BOL, though it
reached criticality during the following year of the burn-
up period. Figures 9 and 10 show the integral conversion
ratio and atomic density of **’Pu, respectively, which
both increased as the active core radius was increased.

3.3 | Optimization of MOX fuel in SFR
design using modified CANDLE strategy

MOX is a great fuel candidate for SFR because it has the
advantages of simplicity and fewer process steps in fabri-
cation, a high melting point, and good chemical stabil-
ity.'® However, in reactors using the modified CANDLE
strategy with only natural uranium as the fuel cycle
input, optimization is needed to allow the reactor to
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FIGURE 9
uranium-plutonium zirconium ((U-Pu)
Zr) fuel for r = 110, 120, and 130 cm
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FIGURE 10 Plutonium-239 (**Pu)
atomic density change during operation
for uranium-plutonium zirconium ((U-
Pu)Zr) fuel for r = 110, 120, and 130 cm
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FIGURE 11 The effective
multiplication factor kg of the first
burn-up period of mixed oxide (MOX)
fuel for active core radius 110, 200, and
210 cm [Colour figure can be viewed at
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reach critical conditions during the burn-up period.
Initially, the reactor core was designed with a radius
of 110 cm and height of 210 cm for a 500 MWth output
power. In the previous section, optimization of the
(U-Pu)Zr fuel was successfully carried out by increasing
the core radius by 20 cm, but this was not the case for
MOX fuel. Criticality in the core was not obtained even
when the radius of the core was increased to 200 and
210 cm.

As a result, the reactor output power was increased
to 1500 MWth in addition to the increased active core
radius, and the results are shown in Figure 11. Figure 11
shows that the reactor reached a critical condition
when the core radius was 210 cm, the height was 210 cm,
and the output power was 1500 MWth. Figure 12 shows
the integral conversion ratio, which increased signifi-
cantly as the radius and output power of the reactor were
increased.

4 | CONCLUSIONS

The modified CANDLE radial shuffling strategy was suc-
cessfully used to design an SFR to manage fuel burn-up
with natural circulation in a long-life reactor. The reactor
core design utilized natural uranium in the form of two-
dimensional cylinders with three fuels: MOX, (U-Pu)N,
and (U-Pu)Zr. The three types of fuel were modeled using
a shuffling burn-up strategy that was optimized for a
burn-up period of 10 years. The data obtained from the
models demonstrate that the reactor will work well using
this strategy for 100 years of reactor operation. Global
neutronic parameters, such as the effective (k) and infi-
nite (k) multiplication factor, and burn-up analyses,
such as the burn-up level, conversion ratio, and atomic

density of ***U and **°Pu, were observed and optimized.
Overall, for an output power of 500 MWth, 110 cm of
active core radius, and 210 cm of active core height, this
study indicates that (U-Pu)N fuel is the optimal SFR fuel
and has a higher chance of being utilized for SFR design
with a modified CANDLE burn-up strategy. The (U-Pu)
Zr fuel with an optimized core radius of 130 cm would
also be effective if utilized in an SFR. Finally, after opti-
mization of the active core radius to 210 cm and increas-
ing the power to 1500 MWth, the MOX fuel could also be
a good candidate fuel in an SFR with a modified CAN-
DLE burn-up strategy.
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