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ABSTRACT
The first step of the investigation of the thorium fuel cycle with HELIOS 1.8 is validation of
the results obtained from the code for this particular type of fuel. To complete this first task
we performed calculation of the benchmark announced by IAEA in 1995. The benchmark was
based on a simplified PWR model of the assembly with reduced fuel composition. This
calculation was focused on a comparison of the methods and basic nuclear data.
After successful validation of the code we focused our work on calculating the PWR and
VVER thorium fuel cycles. The thorium cycle begins after the first use of UO2 fuel in the
reactor as separation of plutonium from the burnt fuel. Separated plutonium is mixed with
thorium and used as a new nuclear fuel in the reactor. For our calculation we prepared two
variants of the assembly – the first variant is a homogeneous distribution and the second one
is a non-homogenised distribution of thorium fuel in the assembly. The model of nonhomogenised distribution of (Pu-Th)OX fuel was designed by replacing selected rods of the
classical UO2 assembly by (Pu-Th)OX rods. These selected rods are distributed symmetrically
in the assembly. Other rods in the assembly remain the same as in the classical UO2 assembly.
The calculated and compared values are criticality and fuel composition as a function of
burn up .

INTRODUCTION
The property of thorium – neutron capture in the neutron flux and change of thorium
through protactinium to uranium – brings the ability to use thorium as a nuclear fuel. Thorium
can be used in classical reactors as VVER or PWR and can substitute uranium. Problems with
the use of thorium are related with the neutron flux needed to change thorium to uranium and
with the long decay time of protactinium. These problems can be solved by adding a neutron
emitter to the assembly and this can be done by adding plutonium from burned UOX fuel.
Co-ordinated Research Projects (CRPs) are tools that are effectively used by the
International Atomic Energy Agency (IAEA) to promote exchange of scientific and technical
information and assist advanced nuclear power reactor technology research and development.
CRPs allow sharing efforts on an international basis, benefiting from the experience and
expertise of researchers from the participating institutes, and fostering international team

building. To complete the first task – code verification – in thorium fuel calculations we
performed a calculation of the benchmark announced by IAEA in 1995 focused on the
comparison of methods and basic nuclear data. More about this benchmark can be found in
[2].

BENCHMARK DESCRIPTION AND RESULTS
This benchmark was designed to compare assembly-level calculation methods by defining
a 2-D lattice burn-up simulation of a simplified PWR fuel assembly. The main objectives of
this benchmark are to calculate the criticality as a function of burn up in the range of burn up
from 0 to 60 GWd/tHM and the fuel composition as a function of burn up (major actinides
and fission products).
The calculations were performed for a 17×17 array of fuel rods, including 25 water hole
positions without guide tubes. The assembly has no casing. Burn up calculations were
executed at a constant specific power of 37.7 W/gHM (of initial heavy metal) and with zero
buckling. Dimensions of the assembly are listed in Tab. 1.
Tab. 1: Geometry of PWR assembly (cm).
Outer dimensions
22.662 × 22.662
Cell pitch
1.33306
Fuel pellet radius
0.4127
Cladding thickness
0.0617
Equiv. cell radius
0.7521
Material composition of fuel, cladding and moderator is listed in Tab. 2. The fuel is made of
5% PuO2 + 95% ThO2; the temperature of fuel is 900 K. The cladding material is natural
zirconium; the temperature of the cladding is 600 K. Finally, the moderator is light water with
500 ppm concentration of natural boron and temperature 573 K.
Tab. 2: Material compositions (atoms/barn×cm).
Fuel
Cladding
Th–232
2.0592×10–2
Zr–natural
4.3241×10–2
Pu–238
2.2900×10–5
Moderator
–4
Pu–239
7.4780×10
H–1
4.7708×10–2
Pu–240
2.9030×10–4
O–16
2.3854×10–2
–4
Pu–241
1.5340×10
B–10
3.9518×10–6
Pu–242
5.0100×10–5
B–11
1.5906×10–5
–2
O–16
4.3710×10
This benchmark was calculated using HELIOS 1.8 with library “hy047n18g18a.dat” in
VUJE Inc., Trnava. The main object of this calculation was to verify the code HELIOS 1.8 for
calculations with thorium elements and to compare the results with those obtained by the
participants of the IAEA CRP. The countries participating in Co-ordinated Research
Programs in this benchmark were Russia, Japan, Republic of Korea, India and Israel.
We computed two main objectives, criticality and fuel composition as a function of burn up.
Figure 1 shows the evolution of the multiplication factor during the burn up. Figure 2 shows
the relative concentration of the main studied isotopes during the burn up. The results are
compared with those obtained from [2] computed by other participants of IAEA CRP.
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Fig. 1: Infinite multiplication factor as a function of burn up.
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Fig. 2: Relative concentration of selected isotopes during burn up.
As can be seen, the results obtained from HELIOS 1.8 are in good agreement with results
from other participants of this benchmark. The deviations between relative concentrations are
mostly less than 2% as shown in Fig. 2. Performed benchmark calculations confirmed that
HELIOS 1.8 with library “hy047n18g18a.dat” is suitable for scoping studies of (Pu-Th)OXbased fuels.

CALCULATIONS
Four models of assemblies were prepared by the code HELIOS 1.9 – the same code as
version 1.8 but it contains a new library of nuclear data. Two of them are VVER assemblies
and other two of them are PWR assemblies. One of each pair is a model of a typical assembly
used in reactors, with homogenised distribution, and the other is the assembly for calculation
with a non-homogenised distribution of the nuclear fuel. In the models of non-homogenised
distribution of fuel, two types of fuel rods are used, each one with a different type of fuel.
Rods filled with a mixture of plutonium and thorium are distributed symmetrically in the
assembly. All models are shown in Figs. 3 and 4.

Fig. 3: Models of VVER assembly; homogenised distribution of fuel (left),
non-homogenised distribution of fuel (right).

Fig. 4: Models of PWR assembly; homogenised distribution of fuel (left),
non-homogenised distribution of fuel (right).
The red rods in VVER model of non-homogenised distribution of fuel are rods filled with
(Pu-Th)OX mixture, the same rods are in PWR model marked as green ones.
The calculated thorium fuel cycle is shown in Fig. 5. First, classical UOX fuel is prepared,
enriched to 4.2% of 235U and burned in the reactor. After cooling for 5 years the spent UOX
fuel is reprocessed and plutonium isotopes are separated. The scheme of the cycle calculates
with losses of 0.1% separated isotopes during reprocessing. Minor actinides and fission
products are disposed directly.

In the case of a homogenised distribution of fuel in the assembly, the separated isotopes of
plutonium (Pu-238, Pu-239, Pu-240, Pu-241, Pu-242) from one UOX assembly are mixed
with that amount of thorium which is needed to refill the whole assembly without any change
of concentration of plutonium isotopes. It means that all created plutonium from UOX cycle
in one assembly is reprocessed to one (Pu-Th)OX assembly. In the case of non-homogenised
distribution of fuel, the separated isotopes from one UOX assembly are mixed with the
amount of thorium needed to fill only the changed rods in the assembly.
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Fig. 5: Scheme of the plutonium-thorium cycle.
Calculations were performed for two variants of nuclear fuel used in two models of the
assembly and the results are compared with the results obtained from calculations with UOX
fuel. The cycle contains 3 outages and target burn up is 50 000 MWd/tHM.
Figure 6 shows the evolution of the multiplication factor for VVER reactor type and
different assemblies, the same dependence for PWR reactor type is in Fig. 7.
The amount of created actinides in different fuel cycles is compared in relative units in
Fig. 8.
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Fig. 6: Evolution of the multiplication factor for VVER reactor type.
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Fig. 7: Evolution of the multiplication factor for PWR reactor type.
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Fig. 8: Relative amount of created MA in different cycles.

CONCLUSION
Successful validation of thorium fuel cycle calculation by the code HELIOS 1.8 was
conducted. The prepared models of VVER and PWR assemblies were used for calculation of
thorium fuel cycles.
The evolution of the multiplication factors shows a similar behaviour using nonhomogenised distribution of fuel in the assembly as UOX cycle. Homogenised distribution of
the fuel shows its advantages and possibilities, namely stable evolution. For reaching higher
values of the multiplication factor, addition of plutonium is needed. Decrease of the factor in
low burn up is caused by burning of plutonium and following slightly rise of the factor is
caused by accumulation of uranium 233U in higher burn up.
The amount of created actinides is higher in non-homogenised assemblies in both reactors,
but the values are higher due to UOX rods contained in assemblies which will be reprocessed.
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