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ABSTRACT

Two types of fast reactor are investigated to utilize the natural uranium without enrichment and reprocessing in
an equilibrium state. The first trial is SFPR. Its fuel-shuffling pattern is optimized. An obtained result gives its
peak fuel burnup of 22.5%, power peaking factor of 1.5 and peak excess reactivity of 2.15%. The second trial is
CANDLE burnup scheme, where distribution shapes of neutron flux and nuclide densities are constant but move
in axial direction with a constant velocity. A feasible solution gives the speed of burning region of 4.1 cm/year,
A^of 1.02 and average spent fuel burnup of 41%.

Keywords: natural uranium utilization, without enrichment and reprocessing, fast reactor, Self-Fuel-Providing
Reactor (SFPR), CANDLE burnup scheme

1-INTRODUCTION

Uranium enrichment and fuel reprocessing facilities are huge and raise the fuel cycle cost. They also raise
nuclear proliferation risk. The present nuclear energy system usually employs the uranium enrichment and/or
fuel reprocessing facility with some exceptions. The important exceptions are CANDU and Magnox type
reactor systems. However, the burnup of the fuels discharged from these reactors is very small, and the
plutonium in the discharged fuel belongs nearly to the weapon grade. Low utilization factor of the natural
uranium is also a problem for these systems. The fast reactor system, which is not commercially operated, can
utilize the natural uranium with high utilization factor and grade of its recycled plutonium belongs to the reactor
grade, but they employ the reprocessing facility.

Some studies on nuclear equilibrium state show the potential of efficient natural uranium utilization without the
enrichment and reprocessing by using fast reactors [1]. The meaning of "without enrichment and reprocessing"
is that any additional fissile materials are not required after its operation is started and after the second reactor,
though initial fissile inventory is required.

In the present study two kinds of fast reactor system are investigated, which do not utilize the enrichment and
reprocessing in the equilibrium state. One is a reactor, which requires in-core fuel management during its reactor
life. The other does not require in-core fuel management but employs a new burnup strategy CANDLE
(Constant Axial shape of Neutron flux, nuclide densities and power shape During Life of Energy producing
reactor) [2, 3]. The neutron economy is a key issue to realize this system. The hard neutron spectrum is
preferable to realize this system. Then the metallic fuel is employed. Lead bismuth eutectic (LBE) is employed
as coolant from safety point of view, though gas shows the better neutron economic performance.

A group cross-section set is generated with SRAC code system [4] using JENDLE-3.2 library [5].

2- "SFPR" (SELF-FUEL-PROVIDING REACTOR)

The first reactor investigated in the present study is Self-Fuel-Providing Reactor (SFPR) [6]. The design
parameters are shown in Table 1. The fuel volume fraction is set much higher than the conventional design to
improve neutron economy. Core cooling becomes a difficult job.

Feasibility studies on such reactor show that one of the primal difficulties of the reactor design is to provide its
power distribution as flat as in the conventional reactors, since the fissile nuclide concentration of fuel assembly
in SFPR is very different each other. For this optimization a modified method of Genetic Algorithm (GA) is
employed. The optimized results show some relations between excess reactivity and power peaking. For peak
fuel burnup of 22.5% and power peaking factor of 1.5 the peak excess reactivity becomes 2.15%. A complicated
fuel-shuffling scheme shown in Fig. 1 is employed to realize these values.
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Table 1. SFPR Design Parameters

Reactor power (MWt)

Fuel material

Clad material

Coolant material

Core height (cm)

Axial reflector thickness (cm)

Assembly pitch (cm)

No. of driver assemblies

No. of control assemblies

No. of reflector assemblies

No. of shielding assemblies

Fuel assembly volume fraction (fuel/clad/coolant)

Axial reflector volume fraction (Zr/clad/coolant)

Radial reflector volume fraction (clad/coolant)

Coolant output temperature (K)

Coolant temperature rise (K)

Core refueled fraction (%)

Refueling interval (days)

Feed enrichment (wt%)

1500

U-10wt%Zr

HT-9

Pb(44%)-

120

50

20

312

13

150

84

0.60/0.14/0.26

0.60/0.14/0.26

0.9/0.1

743

140

3.8

600

0.2
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Figure 1: A feasible reloading pattern of SFPR



3- "CANDLE" BURNUP SCHEME

SFPR is an extreme to complicated refueling scheme. The other extreme is CANDLE (Constant Axial shape of
Neutron flux, nuclide densities and power shape During Life of Energy producing reactor) burnup scheme [2, 3],
where distribution shapes of neutron flux, nuclide densities and power density are constant but move in an axial
direction with a constant velocity during whole life of reactor operation. This reactor does not require any
refueling operation during its life. At the beginning of reactor life, fissile materials are set at the bottom part of
reactor, and in the upper part only natural uranium is charged. Once this burnup strategy is attained, fissile
material is not required for the succeeding reactors, since the upper part of core of the previous reactor at the end
of life can be used for the bottom part of core of the next reactor.

The reactivity remains constant during burnup, and then any control mechanism of excess reactivity is not
required. Therefore reactivity-induced accident cannot be expected. The reactor life can be easily set by
choosing the core height properly. Here for increasing the reactor life, the ignition region does not take any
modification, and the length of only the natural or depleted uranium region is increased.

If the reactor is designed so that the coolant flows in the axial direction, total heat input to each coolant channel
does not change along burnup. Then time dependent control of flow distribution over the coolant channels is not
required. Once the distribution is optimized such as to equalize coolant output temperature for every coolant
channel, the output temperature is always equalized during the reactor life without any control.

The reactor design parameters are shown in Table 2. The calculation is performed by using computing system
developed by the author for calculating moving flux and nuclide density distribution [3].

Table 2. CANDLE Reactor Design Parameters

Total thermal output
Core & reflector dimensions

Fuel-pin structure

Materials

Core radius
Radial reflector thickness
Diameter
Cladding thickness
Pellet density
Fuel
Cladding
Coolant

Fuel volume fraction

3000MW
2.0m
0.5m

0.8cm
0.035cm
75%TD

U-10%Zr
HT-9
LBE
50%

The obtained flux distribution is shown in Fig. 2, and some important characteristic values are shown in Table 3.
The flux distribution is dangling in the radially outer region. It is attributed to the fact that the burnup progresses
slower in this region, since the flux level is lower than the central region. This shape is not good from neutron
economy. It may be improved by adding fissile materials in peripheral zone of the natural uranium region. The
effective neutron multiplication factor is 1.020. This value seems large enough for designing an actual reactor,
since we need not consider the burnup excess reactivity. However, we should consider the large uncertainty
associating to this value, since the obtained burnup is much larger than the conventional design value, and the
accuracy for such a large burnup calculation is considered low. The speed of the burning region V is 4.14
cm/year. It is small enough for realizing a long-life reactor. Even 20 years operation requires only about 83 cm,
which is less than the axial length of burning region. The average burnup of spent fuel is 381 GWd/t. It means
that about 41 % of the natural uranium is utilized to produce energy. It is much higher than the LWR system,
which can utilize only about 1 % of the natural uranium even for the case that the reprocessing is employed for
utilizing its recovered plutonium. The burnup of spent fuel for the CANDLE is comparable to the FBR with the
reprocessing system, whose natural uranium utilization is usually estimated 60 - 70 %. The neutron economy is
better for CANDLE than SFPR, though no optimization of the fissile spatial distribution is performed for
CANDLE.
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Fig. 5. Neutron flux distribution for CANDLE burnup.

Table 3. Calculation Results of CANDLE Burnup Scheme

Effective neutron multiplication factor
Speed of burning region (cm/y)
Average burnup of spent fuel (GWd/t)

1.020
4.14 cm/year
381 GWd/t
40.6 %

4- CONCLUSION

Two kinds of LBE cooled metallic fuel fast reactors can utilize the natural uranium without enrichment and
reprocessing in an equilibrium state.

The fast trial is SFPR. The fuel shuffling pattern is optimized using a modified method of Genetic Algorithm,
and an obtained result gives its peak fuel burnup of 22.5%, power peaking factor of 1.5 and peak excess
reactivity of 2.15%. SFPR is an extreme to complicated refueling scheme.

The other extreme is CANDLE burnup scheme, where distribution shapes of neutron flux, nuclide densities and
power density are constant but move in its core axial direction with a constant velocity during life of reactor
operation. This reactor does not require any shuffling. At the beginning of reactor life, fissile materials are set at
the bottom part of reactor, and in the upper part only natural uranium is charged. The reactivity remains constant
during operation, and then any control mechanism of excess reactivity is not required. Therefore reactivity-
induced accident cannot be expected. The reactor life can be easily set by simply choosing the core height
properly. A feasible solution gives its shift speed of burning region of about 4 cm/year, effective neutron
multiplication factor of 1.02 and average spent fuel burnup of about 40%. The neutron economy is better for
CANDLE than SFPR, though no optimization of the fissile spatial distribution is performed for CANDLE.
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