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a b s t r a c t

This paper presents neutronics design of VVER-1000 fuel assembly using burnable poison particles
(BPPs) for controlling excess reactivity and pin-wise power distribution. The advantage of using BPPs is
that the thermal conductivity of BPP-dispersed fuel pin could be improved. Numerical calculations have
been conducted for optimizing the BPP parameters using the MVP code and the JENDL-3.3 data library.
The results show that by using Gd2O3 particles with the diameter of 60 mm and the packing fraction of 5%,
the burnup reactivity curve and pin-wise power distribution are obtained approximately that of the
reference design. To minimize power peaking factor (PPF), total BP amount has been distributed in a
larger number of fuel rods. Optimization has been conducted for the number of BPP-dispersed rods, their
distribution, BPP diameter and packing fraction. Two models of assembly consisting of 18 BPP-dispersed
rods have been selected. The diameter of 300 mm and the packing fraction of 3.33% were determined so
that the burnup reactivity curve is approximate that of the reference one, while the PPF can be decreased
from 1.167 to 1.105 and 1.113, respectively. Application of BPPs for compensating the reduction of soluble
boron content to 50% and 0% is also investigated.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In a light water reactor (LWR), burnable poisons (BPs) are usu-
ally added in a number of fuel rods of several assemblies for con-
trolling excess reactivity in the early burnup stage of the fresh fuel.
As a result, excess reactivity is reduced and power distribution in
the core is flattened to avoid a high power peaking factor at fresh
fuel assemblies. Integral burnable absorber (IBA) is a common non-
removable BP design integrated in a fuel assembly. The design of
IBA usually aims at maintaining the burnup reactivity curve of fuel
assembly nearly flat in the early burnup stage. Then, the IBA almost
depletes and the reactivity curve decreases similar to the fuel as-
sembly without BP. The purpose of this design is to avoid a reac-
tivity peak during burnup, and consequently, avoiding a high power
peak during burnup. In the design process of a fuel assembly, the

number of BP bearing rods, their distribution and the BP content in
a fuel assembly are important parameters to be considered in order
to improve the neutronics performance. Various designs of inte-
grated BP such as burnable absorber-integrated guide thimble [1,2],
and BP rods containing BP particles in a SiC matrix were applied for
controlling the reactivity of pressurized water reactor (PWR) cores
with low boron content [3]. A hybrid BP design with a thin layer of
167Er coated around gadolinia bearing fuel pellets of a PWR as-
sembly was applied for controlling reactivity, while reducing
gadolinia content and increasing the volume of UO2 fuel [4]. The
use of rare earth materials as BPs for controlling reactivity of PWR
cores to increase the cycle length was evaluated [5]. Effect of
various BP parameters such as the number of BP rods, BP content,
loading pattern of the BP rods and BP materials on the neutronic
performance of VVER-1000 fuel assembly was also investigated [6].

Gadolinia (Gd2O3) is commonly used as BP in the fuel assembly
of LWRs due to a high thermal neutron absorption cross section. In
natural gadolinium, 155Gd and 157Gd are the main absorbing iso-
topes with the isotopic composition of about 30%. In conventional
design of a fuel assembly of LWRs, an additional content of Gd2O3 is
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mixed homogeneously with UO2 fuel in several fuel rods for reac-
tivity controlling. For instance, a typical VVER-1000 assembly
consists of 12 gadolinia bearing fuel rods so that its burnup reac-
tivity curve is controlled nearly constant in the burnup range from
0 to about 10 GWd/t. After that, the main absorbing isotopes (155Gd
and 157Gd) are almost depleted. The reactivity curve decreases
linearly with burnup as that of an assembly without gadolinia.

One of the disadvantages is that gadolinia has a smaller thermal
conductivity compared to UO2 fuel, which leads to the smaller
thermal conductivity of gadolinia bearing fuel pellet compared to
that of the original UO2 fuel [7]. Meanwhile, with the aim of
increasing the fuel utilization efficiency and decreasing the fuel
cycle cost, future designs of fuel with high burnup and power up-
grade are desirable, which would lead to a higher power density.
Hence, a higher thermal conductivity is one of the desirable char-
acteristics of the fuel pellet. To avoid the decrease of the thermal
conductivity of UO2eGd2O3 fuel pin, one possible solution is using
Gd2O3 as a burnable poison in form ofmicro-particles distributed in
UO2 fuel matrix instead of a homogeneous mixture of UO2 and
Gd2O3.

As reported by Amaya et al. [8] that by using the same Gd2O3

content but in form of BPPs the thermal conductivity of fuel pellet is
higher than that of UO2eGd2O3 solid solutions. Experiments have
been conducted to evaluate the effect of Gd2O3 particles on the
thermal conductivity of the fuel pellet [9]. It was found that by
adding 10 wt% Gd2O3 in form of BPPs with the diameter of
25e53 mm the fuel pellet has the thermal conductivity of about
5.8e2.7 W/mK in the temperature range of 300e1273 K. This value
is greater than the thermal conductivity of UO2eGd2O3 solid fuel
(3.8e2.6 W/mK) [9]. This means that by using Gd2O3 in form of
BPPs in the fuel pellet the thermal conductivity could be improved
significantly. It is also mentioned in Ref. [9] that the fabrication of
the fuel pellet with Gd2O3 particles could be processed similarly as
that of the traditional gadolinia bearing pellet. The Gd2O3 particles
are mixed by a chosen packing fraction with UO2 fuel. Then, the
mixture is compacted into a fuel pellet under high pressure and
temperature.

In a previous work, preliminary investigation on the possibility
of using micro-particles of gadolinia instead of homogeneous
mixture of UO2eGd2O3 in the fuel pellet for controlling the reac-
tivity curve of fuel assembly was conducted [10]. In the present
work, further extensive investigation on the use of burnable poison
particles (BPPs) have been conducted for controlling burnup reac-
tivity curve of the VVER-1000 fuel assembly while improving other
neutronics characteristics such as pin-wise power distribution and
pin power peaking factor (PPF). Spherical micro-particles of Gd2O3
as BP were distributed in UO2 fuel. The BPP diameter and the
packing fraction are optimized for obtaining a flat k∞ curve at the
beginning of burnup stage. The objective is to obtain the k∞ curve
similar to that of the reference assembly with homogeneous
mixture of UO2eGd2O3. Then, the neutronics performance of the
newly designed fuel assembly including pin-wise power distribu-
tion and PPF is evaluated and compared with that of the reference
assembly.

Further neutronics calculations have also been performed to
minimize the PPF by distributing the BP more uniformly in the
assembly. It implies that the number of BPP added rods is increased.
Two models of fuel assembly with 18 fuel rods containing BPPs
have been selected. The BPP parameters are then optimized for
attaining similar burnup reactivity curve but with smaller PPF
compared to the reference design. Application of BPPs has also been
investigated for designing a new assembly with low soluble boron
content in the coolant. A high boron content in the coolant of LWRs
would give a less negative or even positive moderator temperature
coefficient (MTC) and void reactivity, which are important safety

parameters to be considered in the fuel and core design. Once the
soluble boron content is reduced, a more negative MTC during the
core lifetime can be expected.

2. VVER-1000 fuel assembly and calculation model

In general, a typical VVER-1000 reactor consists of about 6 types
of fuel assemblies corresponding to different 235U enrichment,
gadolinia bearing and so on. Horizontal cross sectional view of the
reference VVER-1000 fuel assembly are displayed in Fig. 1 [11]. The
assembly consists of 300 UO2 fuel rods,12 gadolinia bearing rods,18
guide tubes and a central tube as shown in Fig. 1. The 235U
enrichment is 3.7 wt% for the UO2 fuel rod and is 3.6 wt% for
gadolinia bearing rod, respectively. The fuel rods and guide tubes
are arranged with one twelfth symmetry as shown in Fig. 1. More
detailed parameters of the VVER-1000 fuel assembly are given in
Table 1 [11].

Numerical calculations have been carried out for designing new
fuel assembly of the VVER-1000 reactor using the MVP code and
the JENDL-3.3 library [12,13]. MVP is a general purpose Monte Carlo
neutron transport code developed by Japan Atomic Energy Agency.
In the calculationmodel, spherical BPPs are distributed randomly in
the UO2 matrix of the fuel pellet. The statistical geometry (STG)
model of the MVP code was used to simulate the random distri-
bution of the BPPs. In the MVP calculations, the number of histories
is chosen as 25� 106 so that the relative statistic error of the k∞
less than 0.01% can be achieved.

3. New fuel assemblies with BPPs

3.1. Assembly with 12 UO2eGd2O3 fuel rods

The conventional VVER-1000 fuel assembly consists of 12
gadolinia bearing rods, so that the k∞ of the assembly is maintained
nearly constant from the beginning of burnup up to 10 GWd/t. After
this burnup, the absorbing isotopes (155Gd and 157Gd) are almost
completely depleted. As a result, the k∞ decreases linearly with
burnup, approximately that of the fuel assembly without gadolinia.
In this work, we investigated the possibility of using BPPs, i.e.
micro-particles of Gd2O3, instead of homogeneous mixture in the
fuel pellet for controlling the burnup reactivity curve and flattening
the power distribution. The diameter and the packing fraction of
Gd2O3 particles are determined so that the k∞ curve of the new

Fig. 1. Configuration of the reference VVER-1000 fuel assembly with 12 UO2eGd2O3

fuel rods.
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assembly is flattened similarly to that of the reference one. In the
first step of the design process, the objective is to attain the k∞
curve of the newly designed fuel assembly approximate that of the
reference one. The application of BPPs in a fuel element of a pebble
bed reactor for reactivity controlling up to 60e100 GWd/t was
successfully investigated in previous works [14,15]. For such long
term reactivity controlling, the radius of Gd2O3 particles was
selected as 820e950 mm. However, in this design of the VVER-1000
fuel assembly, long term reactivity control is not the target. The
purpose is to obtain a nearly constant k∞ curve in the burnup range
of 0e10 GWd/t similar to the reference design. Therefore, the size of
Gd2O3 particles could be much smaller.

In the design procedure, it is assumed that the same content of
Gd2O3 but in form of BPPs is added into the fuel pellet, i.e. the
packing fraction of 5%, as in the reference design. A parametric
survey has been carried out to determined the optimal diameter of
the BPPs. The diameterwas investigated in the range of 40e100 mm.
Fig. 2a displays the effect of the BPP diameter on the reactivity
curves of the assembly from the beginning of burnup up to 10 GWd/
t. Since the objective is to attain the k∞ curve approximate the
reference one, the diameter of 60 mm was determined. Then, the
neutronics performance such as the k∞ curve, pin-wise power
distribution and PPF of the new fuel assembly is evaluated. Fig. 2b
depicts the k∞ curve of the new fuel assembly with the optimal BPP
design (the diameter of 60 mm and the packing fraction of 5%). One
can see that the k∞ curve is approximate the reference one with
homogeneous mixture of the same Gd2O3 amount. Fig. 3 displays

the evolution of 155Gd and 157Gd densities during burnup in the two
designs with BPPs and with homogeneous BP. It can be seen that
the two absorbing isotopes decrease approximately in the two
designs, this again explains the approximation of the reactivity
curves.

Figs. 4 and 5 depict the pin-wise power distributions of the new
fuel assembly designed with BPPs at the burnup of 0 GWd/t and 10
GWd/t, respectively. The relative power distributions were shown
in one sixth symmetrical geometry in comparison with that of the
reference design. The relative power densities of the two Gd2O3-
dispersed fuel rods at 0 GWd/t increase from 0.366 to 0.407 (about
11%). The power densities increase slightly within 0.8% at the fuel
rods located in the center of the assembly. The PPF at the peripheral
rod decreases from of 1.167 to 1.156 (about 0.9%). The results indi-
cate that the pin-wise power distribution of the new fuel assembly
is slightly flattened by using Gd2O3 micro-particles. At the burnup
of 10 GWd/t when the effect of BPPs has almost ended, the power
distribution approximates that of the reference assembly as shown
in Fig. 5. The difference of power densities in the BPP rods is about
1.8%. The largest discrepancy of pin power density is within 0.8%,
while the PPF is approximately the same with the reference as-
sembly (1.060).

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

Parameters Unit Value

Number of central tube e 1
Number of guide tube e 18
Number of fuel cell with Gd e 12
Number of UO2 fuel cell e 300
Fuel cell inner radius cm 0.3860
Fuel cell outer radius cm 0.4582
Central tube cell inner radius cm 0.5450
Central tube cell outer radius cm 0.6323
Pin pitch cm 1.2750
Fuel assembly pitch cm 23.6
Fuel temperature K 1027
Non-fuel temperature K 575
235U enrichment wt% 3.7
Gd2O3 density g/cm3 7.4

Fig. 2. The k∞ curves as a function of burnup of the VVER-1000 fuel assembly designed with 12 Gd2O3-dispersed fuel rods.

Fig. 3. Evolution of 155Gd and 157Gd nuclide numbers during burnup in a fuel rod with
BPPs and with homogeneous mixture of UO2eGd2O3.
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Fig. 4. Pin-wise power distribution of the new VVER-1000 fuel assembly designed with 12 Gd2O3-dispersed fuel rods at 0 GWd/t in comparison with the reference design. The
optimal Gd2O3 parameters are 60 mm in diameter and the packing fraction of 5.0%.

Fig. 5. Pin-wise power distribution of the new VVER-1000 fuel assembly designed with 12 Gd2O3-dispersed fuel rods at 10 GWd/t in comparison with the reference design.
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Fig. 6 displays the PPF as a function of burnup of the new fuel
assembly designed with Gd2O3 particles compared with that of the
reference one. One can see that in the case of no gadolinia bearing
rod, the power distribution is flat and the PPF is about 1.04e1.07
during burnup from 0 to 40 GWd/t. In the reference assembly with
homogeneous Gd2O3, the PPF is greater in the early burnup stage of
0e10 GWd/t. This burnup range also corresponds to the most
effective range of BP on the reactivity curve. After this burnup
range, the pin-wise power distribution becomes more uniform as
that of the assembly without additional Gd2O3. The PPF decreases
with the increase of burnup, and after 10 GWd/t the PPF is around
the value of 1.04e1.06. By using the BPPs, the PPF decreases slightly
by about 0.9% at the beginning of burnup. Though the PPF is not
remarkably decreased, the merit of the newly designed assembly in
term of the higher thermal conductivity of the BBP-dispersed fuel
pellet can be obtained [9]. The results imply, from the neutronics
point of view, the possibility to apply BPPs for controlling excess
reactivity of the VVER-1000 fuel assembly, while the other main
neutronics performance such as reactivity curve, pin-wise power
distribution and PPF could resemble those of the reference design.

3.2. New assembly with 18 UO2eGd2O3 fuel rods

From the change of the PPF with burnup as shown in Fig. 6, it is
also suggested that further investigation on the fuel assembly
design with BPPs should be carried out to improve the pin-wise
power distribution and reduce the PPF at the beginning of
burnup (0e10 GWd/t). Therefore, calculations have been performed
to optimize the number of Gd2O3-dispersed fuel rods and their
distribution in the fuel assembly in order to decrease the PPF.

A parametric survey of design has been conducted to determine
the number of UO2eGd2O3 fuel rods and their positions in the as-
sembly. As a result, two models of fuel assembly with 18
UO2eGd2O3 fuel rods has been selected corresponding to different
arrangements of UO2eGd2O3 fuel rods in the assembly. Fig. 7 dis-
plays the two configurations of the new assembly designed with 18
BPP-dispersed fuel rods. Then, optimization of the BPP parameters
such as the diameter and the packing fraction is performed. In the
optimization process, the total initial amount of Gd2O3 loaded in
the newly designed fuel assembly was constrained to be the same
as that in the reference one. Thus, the total amount of Gd2O3 in 12

rods of the reference design is distributed equally to 18 rods in form
of BPPs. Hence, the packing fraction of BPPs in the fuel rods is
determined as 3.33%. When the same Gd2O3 amount is distributed
in 18 fuel rods, the burning rate of absorbing isotopes increases.
Therefore, to obtain a similar k∞ curve, the Gd2O3 particles should
have a larger diameter. As a result, the surface area of BPPs is
decreased, and the effective absorption cross section is reduced due
to self-shielding effect. Calculations were conducted to determine
the optimal diameter of BPPs for obtaining the k∞ curves similar to
that of the reference design. Fig. 8 shows the effect of the BPP
diameter on the k∞ curve in the early burnup stage of the new fuel
assembly designed with 18 BPP-dispersed fuel rods in Model 1 (see
Fig. 7). The diameter of Gd2O3 particles was examined in the range
of 200e360 mm, and the optimal diameter of 300 mm was selected
as shown in Fig. 8. The same optimal diameter of the BPPs were
obtained for Model 2. Fig. 9 depicts the k∞ curves of the two
optimal cases as functions of burnup. Comparingwith the reference
design the k∞ curves of the new designs with 18 UO2eGd2O3 fuel
rods are almost the same.

Figs. 10 and 11 show the pin-wise power distributions of the
new fuel assembly designedwith 18 BPP rods inModel 1 andModel
2, respectively. It can be seen that flatter power distributions are
obtained with the new designs in comparison with the reference
one. The power density increases at fuel pins in the center and
decreases at peripheral pins for the following reason. When 18
Gd2O3 fuel rods are used, they are arranged so that the Gd2O3 is
distributed more uniformly in the fuel assembly. The BP amount in
the center is reduced and that close to the peripheral positions
increases. The difference of pin power density is within 9.0%, except
at the locations of BP bearing rods where larger discrepancy is
found. It is due to the change of the BP rod locations and the BP
content. The largest pin power densities appear at the peripheral
fuel pins in both two models. The values are 1.105 and 1.113 for
Model 1 and Model 2, respectively. Fig. 12 depicts the evolution of
the PPF as a function of burnup of the new fuel assembly with 18
Gd2O3-dispersed fuel rods. The PPFs appears at the burnup of
0 GWd/t in both Model 1 and Model 2. The PPFs of the new as-
sembly designed with 18 Gd2O3-dispersed rods is reduced by about
4.8% and 4.2% in Model 1 and Model 2, respectively. The results
imply the possibility of using BPPs in the fuel rods for controlling
burnup reactivity and flattening pin-wise power distribution of the
VVER-1000 assembly.

When Gd2O3 particles are dispersed in the fuel matrix, they
form local positions with lower thermal-conductivity. Since the
packing fraction of Gd2O3 particles in the UO2 fuel pellet is small
(5%), their effect on the effective thermal conductivity of the fuel
pellet is smaller than that of the conventional homogeneous
mixture. Experiments conducted with the particle diameter of
25e53 mm and the packing fraction of 10% showed a significant
increase of thermal conductivity of the fuel pellet [9]. Therefore, it
is believed that for a larger diameter of 300 mm and a packing
fraction of 5% the thermal-conductivity of fuel pellet is also higher
than that of the conventional design. However, to evaluate quan-
titatively the thermal conductivity of the new design, further ex-
periments would be desirable.

4. Fuel assembly with low soluble boron

The results obtained in the previous section show the possibility
of using BPPs for improving the neutronics and thermal hydraulics
characteristics of the VVER-1000 fuel assembly instead of tradi-
tional gadolinia bearing fuel rods. Application of BPPs for
compensating the soluble boron content in the coolant has also
been investigated. The original design contains the boron content
of 600 ppm in the coolant. In the present work, the BPP design has

Fig. 6. Pin power peaking factor as a function of burnup of the VVER-1000 fuel as-
sembly with 12 UO2eGd2O3 fuel rods.
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been performed for two cases corresponding to the reduction of
soluble boron content to 50% and boron free, i.e., the boron contents
of 300 ppm and 0 ppm, respectively. Once the soluble boron con-
tent is reduced, it is expected to attain a more negative MTC during
the core lifetime, which is one of desirable safety parameters of fuel
design. Moreover, low soluble boron content could allow mini-
mizing the operation of a complicated chemical control system as
well as reducing the corrosion of structural materials. In the burnup
calculation, the soluble boron content is assumed to be constant
during burnup, i.e., no depletion or reduction of boron content.

When the soluble boron content is reduced, more Gd2O3
amount is needed to compensate the reduction of boron content.
However, the Gd2O3 particles are used only for controlling the k∞
curve at the beginning of burnup stage (0e15 GWd/t). Therefore, at
the later burnup stage there exists no BP in the fuel assembly. As a

result, the reactivity is greater than that of the original design.
Optimization of the Gd2O3 parameters has been carried out based
on the two models of assembly with 18 BPP-dispersed fuel rods as
shown in Fig. 7. It means that the number of BP rods and their
distribution are fixed. The particle diameter and packing fraction of
BPPs are determined to obtain flat k∞ curves as the reference
design with 12 gadolinia bearing rods. It is obvious that larger
particles and packing fraction of BPPs are expected compared to the
case of 100% soluble boron. Optimization of the Gd2O3 parameters,
i.e., the diameter and packing fraction, has been conducted and the
selected results are summarized in Table 2.

Fig. 13 displays the k∞ curves of the optimal cases in comparison
with the reference design. It can be seen that in the case of 50%
boron content (300 ppm), the optimal diameter of 320 mm and the

Fig. 7. Configurations of the newly designed VVER-1000 fuel assembly with 18 UO2eGd2O3 fuel rods. Two models of the fuel assembly were selected corresponding to different
arrangement of 18 UO2eGd2O3 fuel rods.

Fig. 8. The k∞ curves as a function of burnup of the VVER-1000 fuel assembly designed
with 18 UO2eGd2O3 fuel rods in the early burnup stage (0e10 GWd/t).

Fig. 9. The k∞ curves as a function of burnup of the VVER-1000 fuel assembly designed
with 18 UO2eGd2O3 fuel rods with the optimal BP parameters. The optimal BP pa-
rameters are 300 mm in diameter and the packing fraction of 3.33% for both Model 1
and Model 2.
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Fig. 10. Pin-wise power distribution of the new VVER-1000 fuel assembly designed with 18 UO2eGd2O3 fuel rods at 0 GWd/t (Model 1). The optimal BP parameters are 300 mm in
diameter and the packing fraction of 3.33%.

Fig. 11. Pin-wise power distribution of the new VVER-1000 fuel assembly designed with 18 UO2eGd2O3 fuel rods at 0 GWd/t (Model 2). The optimal BP parameters are 300 mm in
diameter and the packing fraction of 3.33%.
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packing fraction of 5.5% were selected for both Model 1 and Model
2. Comparing between the two models of the BPP-dispersed rod
distribution, the k∞ curves are approximate. The values of k∞ in
Model 2 are slightly greater than that of Model 1 but the difference
is less than 90 pcm. The diameter and packing fraction selected for
the case of boron free are 360 mm and 8.0%, respectively. Comparing
with the reference design, the total Gd2O3 amount in the assembly
is increased by factors of 1.65 and 2.40 for the designs with 50%
boron content and boron free, respectively. In the cases of 50%
boron content and boron free the k∞ values of the fuel assembly at
the later burnup stage, when the effect of BPPs has ended, are
greater than that of the reference case by about 160 and 330 pcm,
respectively, in the two models as shown in Fig. 13.

Fig. 14 depicts the PPF as a function of burnup in the new fuel
assemblies with low boron content. For all cases, the PPFs appear at
the beginning of burnup and are smaller than that of the reference
value (1.160). In the case of boron 50% (300 ppm) the PPF is 1.120
and 1.126 for Model 1 and Model 2, respectively. The values are
smaller than the reference value by 3.5% and 2.9%, respectively. In
the case of boron free, the PPFs are 1.129 and 1.142 at the burnup of
0 GWd/t for Model 1 and Model 2, respectively. This values are
smaller than that of the reference design by about 2.7% and 1.6%.

In the newly designed fuel assembly with BPPs, the total com-
positions of fuel and BP do not change much compared to the
reference design. However, in the design with low soluble boron
content or boron free, the MTC of the fuel assembly could be
affected. This is also one of the important reactivity feedback pa-
rameters which are related to the safety operation of the reactor.
Therefore, the MTC of the newly designs during burnup have been
evaluated. Comparison of the MTC among the designs with
different BPP optimization and with the reference one has also
been carried out. Fig. 15 shows the MTC of various designs as a
function of burnup. In most cases the MTC tends to be more
negative with the increase of burnup. The tendency of more
negative MTC with the increase of burnup is ascribed to the hard-
ening of neutron spectrum and the buildup of plutonium and
absorbing fission products. When the moderator temperature in-
creases, the thermal flux spectrum is hardened and shifts to reso-
nance region. Some fission products with large absorption
resonance would make the MTC more negative. The MTC values for
all cases are within the range of �60.0 pcm/K to �32.5 pcm/K. At

Fig. 12. Pin power peaking factor as a function of burnup of the new VVER-1000 fuel
assembly designed with 18 UO2eGd2O3 fuel rods.

Table 2
Summary of the optimal fuel assembly designs with Gd2O3 particles.

Model Boron
(ppm)

Gd2O3

rods
Diameter
(mm)

Packing fraction
(%)

Max.
PPF

No BP 600 e e e 1.067
Reference 600 12 e 5.0 1.160
BPP 600 12 60 5.0 1.157
Model 1 600 18 300 3.33 1.105
Model 2 600 18 300 3.33 1.113
Model 1 300 18 320 5.5 1.120
Model 2 300 18 320 5.5 1.126
Model 1 0 18 360 8.0 1.129
Model 2 0 18 360 8.0 1.142

Fig. 13. The k∞ curves as a function of burnup of the new VVER-1000 fuel assembly
designed with 18 UO2eGd2O3 fuel rods and low soluble boron contents.

Fig. 14. Pin power peaking factor as a function of burnup of the new VVER-1000 fuel
assembly designed with 18 UO2eGd2O3 fuel rods and low soluble boron contents.
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the beginning of burnup, the MTC in the case of boron free is more
negative than others by about 10%.

5. Conclusions

Neutronics design of new VVER-1000 fuel assembly using
micro-particles of Gd2O3 in the UO2 fuel pellet for reactivity con-
trolling has been carried out. The advantage of using BPPs is that
the thermal conductivity of the BPP-dispersed fuel pellet could be
greater than that of the conventional designwith gadolinia bearing.
The results show that with the same amount of BP (5% in volume)
distributed in 12 rods in form of particles with the diameter of
60 mm, the reactivity curve and the power distribution of the new
fuel assembly are approximate that of the reference one. Power
densities of the BPP-dispersed fuel pins increase by about 11% at the
beginning of burnup, resulting in a slight decrease of the PPF by
0.9%. This means that by using BPPs it is possible to design a new
fuel assembly with the same neutronics performance compared to
the reference one. The advantage of this new design is the
improved thermal conductivity of BPP-dispersed fuel pins.

To decrease the PPF, more uniform distribution of BPPs in the
fuel assembly has been investigated, i.e., a larger number of fuel
rods contains BPPs. Two models of fuel assembly with 18 BPP-
dispersed fuel rods were selected for optimizing the BPP parame-
ters and evaluating the neutronics performance. The optimal
diameter of 300 mm and the packing fraction of 3.33% were deter-
mined for both two models. The reactivity curves are obtained
approximately that of the reference one, while the PPF can be
decreased by about 4.8% and 4.2% in Model 1 and Model 2,
respectively.

Application of BPPs was also conducted to design new assembly
with low soluble boron content and improved neutronics perfor-
mance. The calculations have been done for the two models of 18

BPP-dispersed fuel rods with the reduction of boron content to 50%
and boron free. In the case of 50% boron content, the diameter and
packing fraction of BPPs were optimally selected as 320 mm and
5.5%, respectively. In the case of boron free, the optimal diameter of
360 mm and the packing fraction of 8.0% were determined. The PPF
is decreased by 1.6e2.7% compared to the reference design.

Further investigation on the application of BPPs in a full core
analysis are being conducted to evaluate the effect of BPPs on core
characteristics.
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