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Abstract. A conceptual design study of Gas Cooled Fast Reactors with Modified CANDLE
burn-up scheme has been performed. In this study, design GCFR with Helium coolant which can
be continuously operated by supplying mixed Natural Uranium/Thorium without fuel
enrichment plant or fuel reprocessing plant. The active reactor cores are divided into two region,
Thorium fuel region and Uranium fuel region. Each fuel core regions are subdivided into ten
parts (region-1 until region-10) with the same volume in the axial direction. The fresh Natural
Uranium and Thorium is initially put in region-1, after one cycle of 10 years of burn-up it is
shifted to region-2 and the each region-1 is filled by fresh natural Uranium/Thorium fuel. This
concept is basically applied to all regions in both cores area, i.e. shifted the core of i" region
into i+1 region after the end of 10 years burn-up cycle. For the next cycles, we will add only
Natural Uranium and Thorium on each region-1. The calculation results show the reactivity
reached by mixed Natural Uranium/Thorium with volume ratio is 4.7:1. This reactor can results
power thermal 550 MWth. After reactor start-up the operation, furthermore reactor only needs
Natural Uranium/Thorium supply for continue operation along 100 years.

Keywords: mixed Natural Uranium/Thorium, burn-up, Modified CANDLE
PACS: 28.41.Vx

INTRODUCTION

Thorium is approximately three times as abundant as uranium in the earth’s crust,
reflecting the fact that thorium has a longer half-life. In addition, thorium generally is
present in higher concentrations (2-10%) by weight than uranium (0.1-1%) in their
respective ores, making thorium retrieval much less expensive and less
environmentally damaging per unit of energy extracted. However, thorium is not
fissile materials that can react spontaneously, is a fertile material whose use needs to
be mixed with fissile materials such as U-235, U-233 or Pu-239. A mixed
thorium/uranium (UN/ThN) fuel cycle offers several advantages over the conventional
all-uranium fuel cycle. The fissile isotope U-233 produced from Th-232 has better

The 3rd International Conference on Advances in Nuclear Science and Engineering 2011
AIP Conf. Proc. 1448, 59-64 (2012); doi: 10.1063/1.4725438
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fissile properties in thermal and epithermal energy ranges than U-235. The Th-232
also contributes to a smaller reactivity swing over the irradiation cycle, and reduces
the requirements for control materials. It would be useful to combine these benefits
with a long fuel cycle lifetime which has been investigated since long time ago[1-7].

In the present paper, a Modified CANDLE burn-up calculation for long life Gas
Cooled Fast Reactor is described. In this study, conceptual design GCFR with Helium
coolant which can be continuously operated by supplying mixed Natural
Uranium/Thorium without fuel enrichment plant or fuel reprocessing plant. The
CANDLE (Constant Axial shape of Neutron flux, nuclide densities and power shape
During Life of Energy producing reactor) burn-up strategy can be applied to several
reactors, when the infinite neutron multiplication factor of fuel element of the reactor
changes along burn-up as the followings [10-17].

In this case CANDLE burn-up strategy is slightly modified by introducing discrete
regions. In this design the reactor cores are subdivided into several parts with the same
volume in the axial directions. The previous study shows that Modified CANDLE
concept was successfully applicable to long-life fast reactor with Natural Uranium as
fuel cycle input [10-17]. This technology allows for the reactor which has been
operating, furthermore we only need to supply Natural Uranium fuel.

DESIGN CONCEPT

The reactor was designed to have long life. Reactor design optimization is evaluated to
utilize mixed Natural Uranium/Thorium as reactor fuel. Detail specification for the
reactor design given by Table 1.

TABLE 1. Reactor core design parameters.

Parameter Value/Description

Power 550 MWth

Fuel material Nitride (Mixed Natural Uranium/Thorium)

Cladding material Stainless Steel

Coolant material Helium

Core Volume fraction

(Fuel:cladding:coolant) 65% :10% : 25% for inner core/Th
65% :10% : 25% for outer core/U

Fuel pin diameter 1.4 cm

Pin gap size 0.1 mm

Active core radial width 120 cm

Active core axial height 350 cm

Radial Reflector width 50 cm

Sub cycle length 10 years

In this design the active reactor core are divided into two region, Thorium with
65% fuel fraction in Fig. 2(a) and Uranium with 65% fuel fraction in Fig. 2(b). This
value was used in order to get the criticality. Both cores area (Thorium and Uranium
area) is subdivided into ten parts (region-1 until region-10) with the same volume in
the axial direction. In the Uranium core area, region-1 is filled with fresh Natural
Uranium. Region-2 is filled with the fuel with Plutonium content P1; region-3 is filled
with the fuel with plutonium content P2, and so on until region-10 is filled with the
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fuel with Plutonium content P9. Here P9>P&>...>P1. On the Thorium core area,
region-1 is filled with fresh natural Thorium (Th-232). Region-2 is filled with the fuel
with U-233 content U1; region-3 is filled with the fuel with U-233 content U2, and so
on until region-10 is filled with the fuel with U-233 content US. Here U9>U8>...>U1.

In Modified CANDLE burn-up scheme strategy, in both cores area, the fresh
Natural Uranium and Thorium is initially put in region-1, after one cycle of 10 years
of burn-up it is shifted to region-2 and the each region-1 is filled by fresh natural
Uranium/Thorium fuels. This concept is basically applied to all regions in both cores
area, i.e. shifted the core of i region into i+1 region after the end of 10 years burn-up
cycle (see Fig. 2). Furthermore for the next cycles, we will add only Natural Uranium
and Thorium on each region-1, so that this reactor will be able to operate for 100 years
with only UN/ThN as fuel cycle input.

cladding coolant

(a) (b) :50 cm: 70 em : 50cm!

FIGURE 1. (a) fuel pin geometry; (b) cross section core

. th - .
cycle (i+1) evele (i)™ evele (i+1)™

Thorium core area ouTt Uranium core area

eycle (i]"

U3 Regiond . - : P3 Regiond
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U2 Region3 . e : P2 PRegion3 Region 3
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v \ LY
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FIGURE 2. Modified CANDLE burn-up scheme for: (a) Thorium fuel core area; (b) Uranium fuel
core area
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CALCULATION METHOD

The calculation is performed using SRAC code system (SRAC-CITATION system)
with JENDL-3.2 nuclear data library [18]. At the beginning we assume the power
density level in each region and then we perform the burn-up calculation using the
assumed data. The burn-up calculation is performed using cell burn-up in SRAC code
which then given eight energy group macroscopic cross section data to be used in two
dimensional R-Z geometry multi groups diffusion calculation. The average power
density in each region resulted from the diffusion calculation is then brought back to
SRAC code for cell burn-up calculation. This iteration is repeated until the
convergence is reached.

RESULT AND DISCUSSION

The results of calculation with modified CANDLE strategy for 100 years burn-up
are presented as follows. Table 2 shows the initially composition material in core
region (both inner core and outer core). The second column shows the percentage of
fissile material U-233 in inner core and the fourth column shows the percentage of the
population of fissile material Pu-239 in outer core It was minimum value to get the
criticality and must be accomplished in order to after reactor start up the operation
with this condition then it can be continued by supply Natural Uranium and Thorium
only on the next cycle (both Uranium/Thorium fuel area).

TABLE 2. Initially fuel material composition in each region

Thorium area % of U-233 Uranium area % of Pu-239
Region-1 0 Region-1 0
Region-2, Ul 2.6 Region-2, P1 2.6
Region-3, U2 2.8 Region-3, P2 2.7
Region-4, U3 32 Region-4, P3 2.9
Region-5, U4 4.1 Region-5, P4 3.6
Region-6, U5 5.6 Region-6, P5 4.9
Region-7, U6 7.0 Region-7, P6 6.7
Region-§8, U7 7.3 Region-§, P7 8.0
Region-9, U8 6.9 Region-9, P8 8.2
Region-10, U9 6.3 Region-10, P9 8.0

40845

35645

3.0E+5
25E+5
2.0E+5
1.5€45

——ThN —e—UN
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burnup level (MWD/ton!
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FIGURE 3. k-infinite change during burn-up FIGURE 4. burn-up level change during burn-up
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Fig. 3 shows infinite multiplication factor change during burn-up history. This
condition is related to burn-up level change in Fig. 4. Change from fuel U-238/Th-232
that have not able to generate power to become the main fuel containing enough Pu-
239/U-233 that producing great power. From cell calculation we get the value average
burn-up Thorium is 9.51x10* MWd/T. The total heavy metal weight for initial inner
core (Thorium) for 550 MWth plant to operated 1 year is 2.111 HMT. In outer region
we get the value average burn-up Uranium was 7.16x10° MWd/T so the total heavy
metal weight (Uranium) need for 1 year operation was 2.804 HMT

103
_ 25 - g
= ¢
Py 8. 102
S 2 £
= £
> o
215 $
§ :
g 1 * 1
g U233 1 s 4 5
- time (x 2 years)
© 05 -
—o—Pu-239
0 T
0 20 40 60 80 100

burn-up years
FIGURE 5. atomic density change during burn-up ~ FIGURE 6. k-effective value in sub cycle

Fig.5 shows the atomic density of U-233 resulting from Th-232 and Pu-239 that
resulting from U-238, change during burn-up history. Fig. 6 shows effective
multiplication in sub cycle. It can be indicates that the reactor can operate 10 years
without refueling because k.4 value always above 1.0.

CONCLUSION

The feasibility of design small and long-life Gas Cooled Fast Reactor with
Modified CANDLE burn-up scheme has been investigated. It was supplied by mixed
Natural Uranium/Thorium as fuel cycles. The results show the reactivity reached by
mixed Natural Uranium/Thorium with volume ratio is 4.7:1. This reactor can results
power thermal 550 MWth. After reactor start up the operation, furthermore reactor
only needs Natural Uranium/Thorium supply for continue operation along 100 years.

ACKNOWLEDGMENTS

This research is partially supported by Hibah Bersaing Grant 2011 and ITB research and
innovation grant 2011.

REFERENCES

1. Zaki S. and H. Sekimoto : Preliminary Design Study of the Ultra Long Life Fast Reactor, Nuclear
Engineering and Design, Vol. 140(1993), p.251-260.

63



&

10.
11.
12.

13.

14.

15.

17.

18.

H. Sekimoto and Zaki S. , Design Study of Lead and Lead-bismuth Cooled Small Long-life
Nuclear Power Reactors Using Metallic and Nitride Fuel, Nuclear Technology, Vol. 105, no.3
(1995), p.307-313

Zaki Su’ud and H. Sekimoto : Design and Safety Aspect of Lead and Lead Bismuth Cooled Long-
Life Small-safe Fast Reactor for Various Core Configuration, Journal of Nuclear Science and
Technology 32 no 9 (1995), pp. 834-845.

Zaki Su’ud: Comparative Study on Safety Performance of Nitride Fueled Lead-Bismuth Cooled
Fast Reactor with Various Power Level", Progress in Nuclear Energy 32 no. 3-4 (1995), pp. 571-
577

Zaki Su’ud, Bakrie Arbie, and Sedyartomo S.: “The Prospect of MOX Fuel Based Pb-Bi Cooled
Small Nuclear Power Reactors’, Progress of Nuclear Energy, Vol. 47(2005), h.212-221.

Zaki Su’ud, Neutronic Performance Comparation of MOX, Nitride and Metallic fuel based 25-100
MWe Pb-Bi Cooled Long Life Fast Reactors without on site Refuelling, Progress of Nuclear
Energy, Vol. 50 (2008), p. 276-278

Zaki Su’ud, Safety Performance Comparation of MOX, Nitride and Metallic fuel based 25-100
MWe Pb-Bi Cooled Long Life Fast Reactors without on site Refuelling, Progress of Nuclear
Energy, Vol. 50 (2008), p. 157-162

IAEA TECDOC-153, Gas Cooled Fast Reactors, 1973.

Th. Dujardin, C. Nordborg, Y-J Choi, OECD / Nuclear Energy Agency Activities Related to Fast
Reactor Development, FR09, Kyoto, Japan, 2009

H. Sekimoto, Light a CANDLE An Innovative Burn-up Strategy of Nuclear Reactors, COE INES,
Research Lab. For Nuclear Reactors, Tokyo Institute of Technology, Japan,2004.

H. Sekimoto, et al, CANDLE: The New Burn-up Strategy, Nucl. Sci. Eng., 139, 1-12, 2001.

H. Sekimoto and S. Miyashita, Startup of CANDLE Burn-up in Fast Reactor from Enriched
Uranium Core, Proc. F 12" n. Conf. on Emerging Nuclear Energy System (ICENES 2005), Aug.
21-26, 2005, SCK.CEN, Mol., Brussels, Belgum, 2005.

Y. Ohoka and H. Sekimoto, Application of CANDLE Burn-up to Block Type High Temperature
Gas Cooled Reactor, Nucl. Eng. Des., 229,(2004) 15-23.

Y. Ohoka and H. Sekimoto, Application of CANDLE Burnup to Block Type High Temperature
Gas Cooled Reactor for Incenerating Weapon Grade Plutonium, Proc. of GENES 4/ANP 2003,
Sept. 15-19, Kyoto, Japan, 2003.

Rida S and Zaki Su'ud, Design Study of Pb-Bi Cooled Fast Reactors Which Fuel Cycle Input is
Natural Uranium, Int. Journal of Energy Science and Technology (IJINEST), Vol. 4 no. 3 (2009) pp.
217-222

. Zaki Su’ud and H Sekimoto, Design study of long-life Pb-Bi cooled fast reactor with natural

uranium as fuel cycle input using modified CANDLE burn-up scheme, , IINEST, Vol 5, No. 4,
(2010), p.347-368

Nur Asiah A., Merry Yanti, Zaki Suud, Menik A.H., Sekimoto H., Preliminary design study of
Long-life Gas Cooled Fast Reactor With Modified CANDLE Burnup Scheme, Indonesian Journal
of Physics, Vol. 20, No. 4, 2009.

K. Okumura et al., SRAC (Ver.2002); The comprehensive neutronics calculation code system,
JAERI report, 2002

64



Copyright of AlIP Conference Proceedingsis the property of American Institute of Physics and its content may
not be copied or emailed to multiple sites or posted to alistserv without the copyright holder's express written
permission. However, users may print, download, or email articles for individual use.



