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Abstract

Neutronics feasibility of using Gd203 particles for controlling excess reactivity and pin power peaking factor of the VVER-1000
fuel assembly has been investigated. The motivation is that the use of Gd203 in form of micro-particles would increase the
thermal conductivity of the Gd203 bearing fuel pellet which is one of the desirable characteristics for designing future high
burnup fuel. Neutronics calculations have been conducted for the fuel assembly with the Gd203 particles distributed randomly
using the Monte Carlo neutron transport MVP code. The results show that the Gd20O3 particles with the diameter of 60 um could
control the reactivity similarly to the homogeneous distribution of Gd203 with the same total amount. The power densities at the
fuel rods with Gd203 particles increase by about 11%, leading to the decrease of the power peak and a slightly flatter power
distribution. The power peak appears at the periphery fuel pins at the beginning of burnup which decreases slightly by 0.9%.
Investigation has been performed to reduce the pin power peaking factor by increasing the number of Gd20s3-dispersed fuel rods
and optimizing the particle diameter. The results show that by using 18 Gd20Os3-dispersed fuel rods (instead of 12 Gd203-bearing
fuel rods) with the same total amount of Gd203 and the particle diameter of 300 pum, similar reactivity curve can be obtained as
the reference one while the pin power peaking factor at the beginning of burnup is decreased by about 5%.
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1. Introduction

In a light water reactor (LWR), burnable absorbers are usually used for controlling excess reactivity of the
fresh fuel and the reactor core at the beginning of burnup stage, and flattening the power distribution to avoid an
excessively high power peak at some fresh fuel assemblies. Integral burnable absorbers (IBAs) are the most
common type in which burnable absorbing materials are integrated in a fuel assembly. The IBA is designed so that
the reactivity of the fuel assembly remains relatively constant or slowly decrease in the early burnup stage until the
IBA is almost depleted. This is to avoid a peak of reactivity during burnup, and consequently, avoid the appearance
of a power peak during burnup. In the fuel assembly of VVER-1000 reactor, 12 gadolinium bearing fuel rods are
loaded into a fresh fuel assembly to control the reactivity of the fuel assembly almost constant from the beginning of
burnup to about 10-15 GWd/t. After this burnup level, the main absorbing isotopes are depleted completely and the
reactivity decreases linearly with burnup similar to an assembly without gadolinium bearing rods. Gadolinia
(Gd,03) is one of the common burnable absorber materials to be used as the IBA in the fuel assembly of LWRs
because of its high absorption cross section to neutrons in thermal energy range. In natural gadolinium, Gd'>® and
Gd'*" are main absorbing isotopes which are about 30% of the natural isotropic compositions.

In conventional design, an amount of Gd,O3 within a few percent is mixed homogeneously with UO, fuel
in several fuel rods of a fuel assembly. Since Gd,Os3 has a smaller thermal conductivity than that of UO>, one of the
disadvantages is that the additional content of Gd>O3 leads to the decrease of the thermal conductivity of the fuel
pellet [1]. For the purpose of the reduction of fuel costs, power upgrade and advanced fuel design with high burnup
are desirable, which lead to the increase of the power density. Therefore, the increase of the thermal conductivity of
the fuel pellets is one of the desirable characteristics. In order to avoid the problem of the decrease of the thermal
conductivity due to the additional content of Gd,O3, the use of Gd2O3 in form of micro-particles in the UO> matrix
could be a solution. It was reported that the thermal conductivity of Gd,O3-dispersed UO, fuel pellet is larger than
that of (U,Gd)O, solid solutions with the same Gd,Os content [3]. Iwasaki et al. [4] conducted experiments to
investigate the effect of Gd>O; dispersion on the thermal conductivity. The results showed that 10 wt% Gd>O3-
dispersed UO, pellet with the diameter of the Gd,Os3 particles of about 25-53 pm has the thermal conductivity of
about 5.8-2.7 W/mK in the temperature range from 300 to 1273 K. This is larger than that of homogeneous mixed
solid solutions (3.8 to 2.6 W/mK) with the same Gd,Os3 content [4]. This means that the use of Gd,O3 particles
could improve the thermal conductivity of Gd,Os-dispersed fuel pellets effectively. As mentioned in Ref. [4], the
fabrication of the Gd,Os-dispersed fuel pellet would not be so complicated. It was processed similarly to the
traditional fuel pellet with Gd>O3 powder. Gd,O3 particles are weighted and mixed with UO, powder in a mortar.
The mixture was then pressed into a form of fuel pellet and sintered under a high pressure and high temperature
condition.

In the present work, we aim at investigating, in neutronics point of view, the feasibility of using Gd,O3
particle type for reactivity controlling and the effect on the neutronics performance of the VVER-1000 fuel
assembly. Spherical Gd,O3 particles were distributed randomly in the UO, matrix of fuel pellet instead of
homogeneous distribution of Gd,O3; powder. The diameter of the Gd,O3 particles was determined for controlling
the reactivity of the fuel assembly during burnup so that the target is to obtain the k. curve similarly to that of the
conventional fuel assembly. Comparison of the pin-wise power distribution between the new design and the
conventional assembly has also been presented. In order to optimize the pin power peaking factor, a design of fuel
assembly with 18 Gd,Os-dispersed fuel rods instead of 12 Gd,Os-bearing fuel rods of the reference design has been
investigated. The locations of the 18 Gd,Os-dispersed fuel rods in the assembly and the diameter of the Gd,O3
particles were determined for obtaining the similar k. curve but lower pin power peaking factor compared to the
reference assembly.

2. Calculation models

Numerical calculations have been performed based on the low enriched UO, fuel assembly of the VVER-1000
reactor core using the Monte Carlo neutron transport MVP code and the JENDL-3.3 library [6,7]. The configuration
and the detailed design parameters of the fuel assembly are displayed in Fig. 1 and Table 1 [5]. The assembly
consists of 300 UO, fuel rods with the 23U enrichment of 3.7 wt% and 12 Gd»O3 bearing fuel rods as shown in Fig.
1. In the numerical calculation model, spherical Gd,O3 particles are assumed to be distributed randomly in the UO,
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matrix of the fuel pellet. The statistical geometry (STG) model of the MVP code allows simulating the random
distribution of the Gd,O3 particles. In the calculations, the history number of 25x10° is chosen to achieve the
relative statistic error of the k- within 0.01%. Calculations have been performed for two models of the fuel
assembly: one with the homogeneous distribution of Gd,O3 powder in the UO; fuel pellet, and the other with the
distribution of Gd, O3 particles.

() Central tube cell

() Fuel cell (UO2)
{) Guide ube cell

{_)Fuel cell (with Gd203)

Fig. 1. Configuration of the VVER-1000 fuel assembly.

Table 1. Design parameters of the VVER-1000 fuel assembly.

Parameters Unit Value
Number of central tube - 1
Number of guide tube - 18
Number of fuel cell with Gd - 12
Number of UO, fuel cell - 300
Fuel cell inner radius cm 0.3860
Fuel cell outter radius cm 0.4582
Central tube cell inner radius cm 0.5450
Central tube cell outter radius cm 0.6323
Pin pitch cm 1.2750
Fuel assembly pitch cm 23.6
Non-fuel temperature K 575.0
Fuel temperature K 1027.0
25U enrichment wit% 3.7
Gd, 05 density glem® 74

3. Results and discussions

In the present work, we investigate the use of Gd,O3 particles instead of homogeneous distribution of Gd,O3
powder for the purpose of reactivity controlling and improving the thermal conductivity of the fuel pellets. The
diameter of the Gd,Os3 particles is determined so that the k- of the fuel assembly is controlled similarly to that of
the conventional design. In the conventional design with 12 Gd,Os-bearing rods, the k. of the fuel assembly
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remains relatively constant from the beginning of burnup to about 10 GWd/t. After this burnup, most of the
absorbing isotopes are completely depleted and the k- decreases linearly similar to that of the fuel assembly without
Gd,03. Thus, in the first step of this design, we aim at obtaining a k- curve as a function of burnup of the new fuel
assembly similar to that of the reference design. The use of Gd,Os3 particles for controlling the reactivity of a fuel
pebble of a pebble bed reactor upto 60-100 GWd/t was investigated in previous works [8,9,10]. The radius of the
particles of 820 or 950 um was selected. The applicability of other absorbing materials was also investigated [9,11].
However, in the current design of the fuel assembly, we aim at controlling the reactivity upto 10 GWd/t, so that the
radius of the particles could be predicted much smaller, and therefore, the self-shielding effect of the particles is also
smaller.

No Gd, 0,
=== Gd,0, homogeneous

——— Gd, 0, particles (60 um)

~ 1.16 T
Gd:UJ homogeneous
1 0 L 40 pm
S— 60 pm
1.14 80 pm
100 pm

4
08 . Burup (GWdt)
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Burnup (GWd/t)

Fig. 2. The k- as a function of burnup of the VVER-1000 fuel assembly.

In the calculation procedure, we assumed that the same amount of Gd,Os is loaded into the fuel rod, i.e. 5% of
volume, as in the conventional assembly. Then, a parametric survey was conducted to optimize the diameter of the
Gd,03 particles for reactivity control. Fig. 2 shows the effect of the diameter of the Gd,O; particles on the
reactivity curves of the fuel assembly in the burnup range from 0 to 10 GWd/t with the diameter varying from 40 to
100 um. Since we aim at finding a reactivity curve close to the conventional one in this burnup range, the diameter
of 60 pum was selected for further calculations to investigate the neutronics properties of the fuel assembly. Fig. 2
displays the k- curve of the new fuel assembly with the Gd,O3 spherical particles having the diameter of 60 um and
the packing fraction of 5% (the volume ratio of the Gd,O3 particles and the matrix base in the STG model). It can
be seen that this k- curve is similar to that of the conventional design with homogeneous mixture of Gd>O3 during
burnup. Other neutronics characteristics were also computed and compared to that of the conventional design.

Fig. 3 displays the pin-wise power distribution at the beginning of burnup (0 GWd/t) in the newly designed fuel
assembly with the Gd,Os3 particles in comparison with that of the conventional assembly. The figure shows the
power in the 1/6th of the fuel assembly due to the symmetrical geometry. One can see that at the two Gd,O3-
dispersed fuel rods, the relative power densities at 0 GWd/t increase about 11% compared to that of the reference
design. At other fuel rods, the power densities decrease slightly within 0.9% in the outer fuel region and increase
within 0.8% in the central region. As a result, the pin power peak which appears at the periphery fuel rod decreases
by 0.9% (from 1.167 to 1.156). This means that by using the Gd,O3 particles, the pin-wise power distribution of the
fuel assembly becomes slightly flatter. Since the Gd>O3; was designed to maintain the k- relatively constant during
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the early burnup stage upto 10 GWd/t and avoid the reactivity peak during burnup, it is expected that the power peak
at the beginning of burnup (0 GWd/t) is also the greatest power peak during the burnup.

1.167
L5 O Guide tube
1.082 1.128
Gd Homo. Loz
: -0.92 0.09
Gd Particle B UGD Fuel
1.031 1.052
% DE'V. -0.67_A 047
1.042 1.089
Lo37 | 1086 Central tube
-0.48 -0.28
1.038 1.011 1.001 1.010 1.063
1.035 1.009 0.996 1.005 1.068
-0.29 -0.20 -0.50 -0.50 0.47
1.033 0.990 0.933 0,947 UO2 Fue:l'
1.034 0.987 0.936 0.952
0.10 -0.30 D.32 0.53

0.974 0.960 7 0.364 0.954 1.065
0977 0.955 | 0.403 0.949 1.062
0.31 -0.52 10.71 -0.52 -0.28

0.980 1.018 1.020 0.961 Y 0.932 1.013 1.086
0.982 1.017 1.018 0.957 | 0.933 1001 1.084
0.20 0.10 -0.20 -0.42 0.11 -1.18 -0.18

1.040 0.970 0.970 1,005 0.987 Y70.995
1.045 0.973 | 0972 1.006 | 0.983 | 0.993
0.48 .31 0.21 0.10 -0.41 -0.20

1.046 Y0978 0.366 0.969 1.0 1.006 1.024 Y71.058
1.053 0.986 0.407 0.970 1.024 1.006 1.019 1.056
0.67 0.82 11.20 0.10 -0. 0.00 -0.49 -0.19
1.040 0.980 0.974 1.038 1.017 38 1.082 1.167
1.045 0.982 0.977 1.035 1.014 1.031 1.072 1.156

0.48 0.20 0.31 -0.29 -0.29 -0.67 -0.92 -0.94

Fig. 3. Pin-wise power distribution of the VVER-1000 fuel assembly at 0 GWd/t in comparison with the reference design.
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Fig. 4. Pin power peaking factor as a function of burnup of the VVER-1000 fuel assembly.

Fig. 4 depicts the pin power peaking factor as a function of burnup of the new fuel assembly in comparison with
that of the conventional design (12 Gd,O3-bearing rods) and the fuel assembly without Gd,Os3. In the fuel assembly
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without Gd, O3, the power distribution is flat with the power peaking factor of about 1.04-1.07. In the fuel assembly
with Gd, O3, the power peaking factor is greater in the burnup range of 0-10 GWd/t with the highest power peak at 0
GWd/t. In this burnup stage, the Gd2O3 amount has effect on the reactivity. After this burnup level most of the
absorbing isotopes are depleted, the power distribution becomes as flat as that of the assembly without Gd>Os3. The
peaking factor decreases with burnup and becomes slightly stable around the value of 1.040-1.060 after 10 GWd/t.
By using the Gd,O3 particles instead the homogeneous Gd,O3; powder, the power peaking factor decreases slightly
by about 0.9% at the beginning of burnup. Though this is not a remarkable decrease of the power peaking factor, the
main merit achieved for the new fuel assembly with the Gd,O3 particles is the increase of the thermal conductivity
of the fuel pellet compared to that of the conventional Gd,Os-bearing fuel pellet [4]. The results obtained in this
preliminary investigation show that in the neutronics point of view it is feasible to use Gd,Os3 particle type instead
of powder in the UO> fuel pellet for excess reactivity controlling, while the main neutronics characteristics such as
the reactivity and the power distribution during burnup could be obtained similarly to that of the conventional design.
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Fig. 5. Configuration of the VVER-1000 fuel assembly with 18 Gd,O;-dispersed fuel rods.

From the evolution of the power peaking factor with burnup as shown in Fig. 4, it is suggested that the further
improvement should be conducted to flatten the power distribution and reduce the power peaking factor in the early
burnup stage of the fuel assembly. Thus, investigation has been conducted to optimize the power peaking factor by
increasing the number of Gd,Os;-dispersed fuel rods and distributing them more evenly in the fuel assembly. A
design with 18 Gd,O3- dispersed fuel rods (instead of 12 rods) has been considered. Optimization was performed to
determine the diameter of the Gd,O3; particles in order to obtain the similar k- curve during burnup. Fig. 5 shows
the configuration of the new fuel assembly with 18 Gd,Os-dispersed fuel rods which was selected for further
investigation of the Gd,O3 particle diameter. In this investigation we assumed that the total amount of Gd,O3 is
remained the same in the fuel assembly. It means that the total amount of Gd>O3 in 12 rods of the reference design
is now distributed equally to 18 rods. In this case, the packing fraction of the Gd,Os3 particles is determined as
3.33% in volume. Fig. 6 displays the effect of the Gd,O3 particle diameter on the k- curve of the new fuel assembly
with 18 Gd,Os3 fuel rods. The Gd,Oj3 particle diameter was investigated in the range of 200 to 360 pm and the value
of 300 um was selected. The k- curve during burnup of the selected case is approximate that of the reference one
(12 Gd2O3-bearing fuel rods with homogeneous distribution).

Fig. 7 depicts the evolution of the pin power peaking factor as a function of burnup of the new design with 18
Gd,0s-dispersed fuel rods. The pin power peaking factor of 1.10 appears at 0 GWd/t. Compared to the reference
design and the new design with 12 Gd,Os3 fuel rods, the k- curves of the three cases are approximate. The power
peaking factor of the new design with 18 Gd,O3-dispersed fuel rods is reduced by about 5%. The results indicates
the neutronics feasibility of using Gd,O3 particle type instead of homogeneous distribution in the fuel rods for
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controlling the reactivity and flattening the power distribution. Further improvements of the design and investigation
of thermal hydraulics properties of the newly designed fuel assembly using Gd,Os3 particle type are desirable and
are being conducted.
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Fig. 6. The k- as a function of burnup of the VVER-1000 fuel assembly with 18 Gd,Os—dispersed fuel rods.
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Fig. 7. Pin power peaking factor as a function of burnup of the VVER-1000 fuel assembly with 18 Gd,O;-dispersed fuel rods.
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4. Conclusions

Investigation of the neutronics feasibility of using Gd»O3 particles in the UO» fuel pellet of the VVER-1000 fuel
assembly has been conducted. The motivation is that the thermal conductivity of the Gd,Os-dispersed fuel pellet
could be greater than that of the Gd,O3-bearing fuel pellet [4]. The results show that with the same content of 5% in
volume, Gd,Oj3 particles with the diameter of 60 um control reactivity similarly to the homogeneous distribution.
The power density at the fuel pin with Gd,O3 particles increases by about 11% at the beginning of burnup which
leads to the slight decrease of power peak and slightly flatter power distribution. The power peak appearing at the
periphery pins at the beginning of burnup decreases by 0.9%. The results demonstrate that by loading the same
amount of Gd,Os3 but in form of particles with the diameter of 60 um instead of the powder in the UO, fuel pellet,
the neutronics properties of the new fuel assembly could be obtained similarly to that of the conventional design.
Investigation has also been performed to reduce the pin power peaking factor by increasing the number of Gd,O3-
dispersed fuel rods and optimizing the particle diameter. 18 Gd,Os-dispersed fuel rods (instead of 12 Gd,Os3-
bearing fuel rods) with the same total amount of Gd,O3 and the particle diameter of 300 um were selected. The
reactivity curve is obtained similarly to the reference one while the pin power peaking factor at the beginning of
burnup is decreased by about 5%.

Acknowledgements

This research is funded by National Foundation for Science and Technology Development (NAFOSTED),
Vietnam under grant 103.04-2014.79.

References

[1] S. Fukushima, T. Ohmichi, A. Maeda, H. Watanabe, "The effect of gadolinium content on the thermal conductivity of near-stoichiometric
(U,Gd)02 solid solutions". J. Nucl. Mater. 105, 201-210 (1982).

[2] M. Amaya, M. Hirai, H. Sakurai, K. Ito, M. Sasaki, T. Nomata, K. Kamimura, R. Iwasaki, "Thermal conductivities of irradiated UO, and
(U,Gd)O; pellets". J. Nucl. Mater. 300, 57-64 (2002).

[3] D. Balestrieri, IAEA Technical Committee Meeting on Advances in Pellet Technology for Improved Performance at High Burnup, Paper No.
2-1(1996).

[4] K. Iwasaki, T. Matsui, K. Yanai, R. Yuda, Y. Arita, T. Nagasaki, N. Yokoyama, 1. Tokura, K. Une, K. Harada, "Effect of Gd,O5 dispersion
on the thermal conductivity of UO,". J. Nucl. Sci. Technol., 46:7, 673-676 (2009).

[51 NEA/NSC/DOC 10, Nuclear Energy Agency, Organization for Economic Co-operation and Development, 2002.

[6] Nagaya, Y., Okumura, K., Mori, T., Nakagawa, M., MVP/GMVP II: general purpose Monte Carlo codes for neutron and photon transport
calculations based on continuous energy and multigroup methods. JAER, I-1348, 2005.

[7] Shibata, K., et al., "Japanese evaluated nuclear data library version 3 revision-3: Jendl-3.3", J. Nucl. Sci. Technol. 39, 1125-1136 (2002).

[8] H.N. Tran, Y. Kato, Y. Muto, "Optimization of burnable poison loading for HTGR cores with OTTO refuelling”. Nucl. Sci. Eng. 158, 264—
271 (2008).

[9]1 H.N. Tran, Y. Kato, "An optimal loading principle of burnable poisons for an OTTO refueling scheme in pebble bed HTGR cores". Nucl.
Eng. Des. 239, 2357-2364 (2009).

[10]H.N. Tran, V.K. Hoang, "Neutronic characteristics of an OTTO refueling PBMR". Nucl. Eng. Des. 253, 269—- 276 (2012).

[11TH.N. Tran, "Fuel burnup performance of an OTTO refueling pebble bed reactor with burnable poison loading". Prog. Nucl. Energy 60, 47-52
(2012).



