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Burnable absorbers play an important role in nuclear reactor safety and exploring their effect
on the reactor core behavior is an important issue in the design and operation of the reactor
core. The aim of the present work was to discover the effect of burnable absorbers on critical-
ity and reactivity coefficient of VVER-1000 assembly. The calculations were conducted with a
3-D Monte Carlo transport code MCNP6 and ENDF/B-VII.1 nuclear library. The Gd,0;
content varying from 0 wt.% to 8 wt.% was considered to complete the inter-comparison
analysis between the criticality and the reactivity coefficients for three UO, +Gd,O; fuel con-
figurations. At the beginning of the cycle, there is a significant difference between the critical-
ity (kinf) of assembly with and without Gd, O3, however, at the middle of the cycle those dif-
ferences become very small and almost the same at the end of the cycle. The Doppler
temperature coefficient values are always sufficiently negative and demonstrate a more nega-
tive trend with increasing gadolinium concentrations and fuel burnup. At beginning of the
cycle, the moderator temperature coefficient value increases negatively as gadolinium concen-
tration increases but, at middle of the cycle this trend does not occur. The fuel composition is
predicted to be the reason behind this situation. At the end of cycle, there is no clear trend in
the moderator temperature coefficient values with respect to Gd, O3 concentration. The ab-
sorbing effect of Gd,O; appears to have diminished significantly. Overall, this research pro-
vides insights into the influence of the burnable absorbers on the neutronic parameters of the

VVER-1000 assembly and its contribution to reactor safety.
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INTRODUCTION

Burnable absorbers play an important role in nu-
clear reactor safety and exploring their effect on the re-
actor core behavior is an important issue in the design
and operation of the reactor core. Burnable absorbers
are known as materials with a high neutron absorption
cross-section, which, as a result of radiation capture,
are converted into isotopes with a relatively low neu-
tron absorption cross-section. They are widely used to
compensate for the initial excess reactivity at the be-
ginning of the cycle by absorbing neutrons and
thereby lowering the reaction rate of uranium fuel. The
negative reactivity of the burnable absorbers de-
creases during the reactor campaign due to a reduction
in its concentration. In the ideal case, it should de-
crease at the same rate as the reserve of reactivity with
burnable of the fuel decreases. Burnable absorbers
benefit almost all reactor designs by providing reactiv-
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ity control for extended fuel cycles, burning of
long-lived radionuclides, and reactor safety [1, 2].
The VVER [3] is a pressurized water reactor
(PWR), using light water as a coolant and moderator
with 3000 MW thermal power. The feature of VVER
that distinguished it from other PWR is its hexagonal
fuel geometry. As the source of clean energy in the
form of a nuclear power plant (NPP), the VVER-1000
[4] with its large electricity generation capacity, also
incorporates safety features within its design. The
VVER-1000 with 31 units in operation, which accu-
mulated for about 500 reactor years of operation be-
came the most common VVER design worldwide.
With technological improvements and eco-
nomic improvements, the VVER-1000 design bal-
ances the combination of passive and active safety sys-
tems to manage the beyond-design basis accident
(BDBA). Based on the significant experience gained
with the well-established VVER-1000, a number of
VVER- 1000 were in operation and under construc-
tion at present time in Novovoronezh, Kalinin,
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Balakovo, and Rostov Russia, South Ukraine, Rovno,
Zaporozhe, and Khmelnitski Ukraine, Kazloduy Bul-
garia, Temelin the Czech Republic, Tianwan China,
Kudankulam India, Bushehr Iran, and Rooppur Ban-
gladesh. The two units of VVER- 1200/523 generat-
ing 2.4 GW electric power are planned to be opera-
tional later in 2024 [5].

In general, a typical VVER-1000 reactor con-
sists of 163 fuel assemblies with triangular (hexago-
nal) fuel rods pattern with various configurations of
different 2>*U enrichment and gadolinia. In the
VVER-1000 reactor, the burnable absorber of gado-
linium oxide (Gd,05) is mixed homogeneously with
low-enriched uranium oxide (UO,) fuel. The fuel rods
containing gadolinium are carefully distributed in the
fuel assemblies to flatten out the neutron flux distribu-
tion and core power during operation. Each fuel as-
sembly includes 300 UO, fuel rods, 12 UO, + Gd,O;
fuel rods, 18 guide tubes, and one central tube for in-
strumentation. In this paper, the UO, + Gd,0; fuel
rods have been placed in a reference configuration
called configuration I. Two other configurations, con-
figuration II and III, with the same amount of UO, +
Gd,0; pins, but different in position are considered.

The aim of the present work was to observe the
effect of burnable absorbers on criticality and reactiv-
ity coefficient of VVER-1000 assembly. The
VVER-1000 low enriched uranium (LEU) fuel assem-
bly proposed in the OECD Benchmark was selected as
a calculation model [6]. The calculations were con-
ducted with a 3-D Monte Carlo transport code
MCNP6 [7]and ENDF/B-VII.1 [8] continuous energy
nuclear data library. The CINDERO90 [9] module
within the MCNP6 was utilized to perform the burnup
and depletion calculation of fuel with a thermal power
of 18 MW thermal per fuel assembly (3000 MW ther-
mal from total of 163 fuel assembly), from fresh fuel
up to 40 MWd/kgHM (Mega Watts day per kg heavy
metal). The Gd,O; content varying from 0 wt.% to 8
wt.% was considered to complete the inter-compari-
son analysis between the criticality and the reactivity
coefficients for three UO, + Gd,O; fuel configurations
of VVER-1000 assembly. This range of Gd,O;con-
centration was chosen since VVER 1000 uses a 4 %
concentration and increases it up to twice as much,
which was considered since the previous study [10,
11] shows some increase in core effective multiplica-
tion factor but with some drawback on fuel thermal
conductivity.

THE VVER-1000 ASSEMBLY

The VVER-1000 assembly has a hexagonal ge-
ometry with a total of 331 rods, categorized into 312
fuel rods, 18 guide tubes, and one central tube. In this
model of study, 312 fuel rods consist of 300 UO, rods
with 3.7 wt.% 233U and 12 UO,+ Gd,0O,rods contain-

ing a homogeneous mixture of UO, with 3.6 wt.%
235U and Gd,0,with concentration of 4.0 wt.%. The
gadolinium oxide content in the fuel rod is useful in
controlling excess reactivity at the beginning of the cy-
cle and it also takes part in controlling core reactivity
since it is only equipped with 18 control rod assembly
made of B,C absorber material.

The fuel-cladding and structural materials are
mainly composed of Zr-Nb-Hf alloy. Fuel-cladding
prevents direct contact of fuel to coolant and prevents
the release of fission products into the coolant. The
fuel assembly structure supports the whole geometry
and fuel grid, ensuring the correct placement between
each fuel rod. The guide tube provides a channel for
inserting control rod and the central tube provides a
measuring channel for obtaining information of con-
trol neutron population and temperature. The configu-
ration and the design parameters of the assembly are
given in fig. 1 and tab. 1.

CALCULATION MODEL

In the present work, a series of numerical calcu-
lations were conducted using the MCNP6 code and
ENDEF/B-VII.1 nuclear data library to study the effect
of UO, + Gd,0; fuel configuration on the criticality
and reactivity coefficient of VVER-1000 reactor as-
sembly. The MCNP6 was a successor of its previous
version of MCNP which integrates the features of
MCNP5 [12] and improves the fuel depletion capabili-

. Central tube cell
O Fuel cell (UQ,)

. Guide tube cell
" Fuel cell (UO, + Gd,0,)

Figure 1. Configuration of the VVER-1000 fuel
assembly [13]
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Table 1. Design parameters of the VVER-1000 fuel
assembly

Number of UO, fuel cell 300
Number of UO, + Gd20; fuel cell 12
Number of guide tube 18
Number of central tube 1
Inner/outer radius of fuel cell [cm] 0.3860 /0.4582
Inner/outer radius of guide tube [cm] 0.5450/0.6323
Inner/outer radius of central tube [cm] | 0.4800/0.5626
Pitch of fuel cell [cm] 1.2750
Pitch of fuel assembly[cm] 23.6
Temperature of fuel [K] 1027
Temperature of non-fuel [K] 575
Enrichment of **U [wt.%] 3.7
Density of Gd,O3 [gem™] 7.4

ties of MCNPX [14]. The MCNP was a particle trans-
port calculation code for neutrons, photons, and elec-
trons developed by the Los Alamos National
Laboratory. The code with its powerful capabilities
has been demonstrated extensively in modeling and
simulating the core physics parameters and fuel deple-
tion through various types of reactors [15-31].

Three steps were undertaken to model the geom-
etry of the VVER-1000 assembly. The first step of
MCNP6 calculation was to model the UO, fuel rod
and the UO, + Gd,0j; fuel rod. These annular pellets
have the same radius of 0.3860 cm. The zircaloy-4
cladding was modeled surrounding the fuel rod with
an inner and outer radius 0£0.3860 cm and 0.4582 cm,
respectively. Water is used surrounding fuel cladding
to create a fuel cell in a simple hexagonal (SH) lattice.
The Gd,O; content in the UO, + Gd,O; fuel rod was
adjusted to vary from 0 wt.% to 8 wt.%. The burnable
poison mixture consists of six stable isotopes of gado-
linium, such as '"2Gd, '3*Gd, '3Gd, '3°Gd, '’Gd,
158Gd, and '°Gd with the natural abundance of 0.2 %,
2.18 %, 14.8 %, 20.47 %, 15,67 %, 24.84 %, and
21.86 %, respectively.

The second step is to model the guide tube and
central tube in a similar manner as the fuel rod. The
fuel pellet was replaced with water and the cladding
was modeled to have an inner and outer radius of
0.3860 cm and 0.4582 cm for the control rod guide
tube and 0.4800 cm and 0.5626 cm for the central tube,
respectively. The cladding was also surrounded with
water in an SH lattice. Each UO, and UO, + Gd,0,
fuel cell, guide tube cell, and central tube cell was then
defined as a universe with1.2750 cm lattice pitch to
form a fuel assembly.

The VVER-1000 LEU fuel assembly with an as-
sembly pitch of 23.6 cm was constructed to follow the
exact geometry dimensions of VVER reactor compo-
nents. By constraining the number of UO, + Gd,0,
fuel pins within the fuel assembly and recreating 2
other fuel pin configurations that are fairly distributed,
we calculate fuel performance as a part of the sensitiv-
ity analysis of burnable poison fuel pin position within

the fuel assembly. The MCNP6 model for each lattice
cell and fuel assembly for the UO, + Gd,O; fuel pin
are illustrated in figs. 2 and 3, respectively. Also, the
isotopic compositions for fuel and non-fuel material in
VVER-1000 assemblies (in atoms per barn per cm) are
presented in tabs. 2 and 3, respectively.

The total number of 50 million neutron histories
being used for most of the infinite multiplication cal-
culation, using 100 000 neutrons for a total of 750 cy-
cles and 250 skipped, while only 2 million neutron his-
tories were used for burnup calculation, 10000
neutrons with a total of 250 cycles and 50 skipped. As
atypical Monte Carlo calculation, skipped cycles were
used to find fission source distributions. The fission
source was placed in the center of some fuel rods. The
standard deviation was less than 0.00010 for all k; ¢
calculations. The thermal neutron scattering data S (c,
) was applied to consider the inelastic interaction of
thermal neutrons with hydrogen within light water be-
low ~4 eV.

Fuel depletion (burnup) calculation was being car-
ried out in MCNP6 using CINDER90 at a constant
power of 18 MW for 355 cm fuel height being modelled,
with both 1**Xe and '**Sm under equilibrium state. The
fuel burned to 40 MWd/kgHM with 20 burnup steps
consisting of 15 steps of 1 MWd/kgHM from 0-15
MWd/kgHM and five steps of 5 MWd/kgHM from
15-40 MWd/kgHM. These burnup steps were chosen to
present the selected burnup degree for this study.

Three different moderator conditions represented in
the calculations are categorized as MOD1/MOD2/MOD3
with a density 0f0.7235/0.7235/1.0033 gem> and a boron
concentration of 600/0/0 ppm, respectively. The 1200 K
temperatures were used to approximate the fuel tempera-
ture of 1027 K and 600 K for the non-fuel temperature of
575 K because data for those specific temperatures does
not exist in the MCNP library. Reflective boundary condi-
tion was used in this fuel assembly level calculation.

U0, fuel cell UQ, + Gdy0g4 fuel cell

Guide tube cell

Central tube cell

Figure 2. The MCNP6 model for each lattice cell
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Figure 3. The MCNP6 model for VVER-1000 assembly

RESULTS AND DISCUSSION

In the operation of a nuclear reactor, as criticality
is the state in which a fuel can sustain a nuclear chain re-
action by itself, maintaining adequate criticality butalso
safety in the operation of the reactor, is an important pri-
ority. The criticality of a finite reactor core can be ex-
pressed as an effective multiplication factor (k;,;) while
in this study, a fuel assembly with a reflective boundary
condition represents an infinite reactor in which no neu-
trons leak from the fuel assembly geometry, leading to
the term of infinite multiplication factor (k).

Since k;, ¢1s analog to the potential of the fuel ele-
ment to produce fission neutrons during operation, the
higher value of k; is analog to a higher potential of
fuel to undergo fission followed by a higher number of
fission neutrons produced. Presenting an absorber
such as gadolinium into the fuel element could lower
the fission potential for this fuel since this study uses a
fraction of the burnable absorber to its fuel mixture
which will lead to a lower fuel concentration. Adding a
burnable absorber lowers the fission potential of fuel
at the beginning, so the neutron population in the fuel
element needs to increase to compensate for the addi-
tional absorption from gadolinium, leading to a higher
fission rate in order to produce the same amount of
power in each fuel assembly.

Since the neutron absorber will be consumed
through the transmutation process induced by the neu-
trons, the amount of neutron absorber decreases but, the
fuel itself also decreases since it is the source of fission
neutrons at the beginning. Figure 4 shows the kinf of fuel
assembly using various Gd,O; concentrations as fuel de-
pletes. Fuel without gadolinium on each fuel configura-
tion decreases sharply with fuel burnup due to fissile ma-
terial within fuel consumed during fuel burnup to
achieve power generation as user input. At the beginning
of the cycle (BOC), there is a significant difference be-
tween the k; ¢ of assembly with and without Gd,0;. As
we already knew, the higher the Gd,O; concentration
within the fuel, the lower the k; ; value became.

The k;,rof assembly with 2 wt.% Gd,O; for all fuel
configurations decreases in the period from 0 to 1
MWd/kgHM because of the two predominant Gd iso-
topes, 1%°Gd and 1¥’Gd. As Gd,O; absorbs neutrons and
slowly depletes, k;,, increases significantly with fuel
burnup to a maximum at 4 MWd/kgHM at the point
where the gadolinium is almost completely depleted. Af-
ter that, it decreases as burnup increase at the same rate as
fuel assembly without gadolinium, down to the end of
the cycle (EOC). Similarly, the k;, ; of fuel assembly with
4 wt.%, 6 wt.%, and 8 wt.% Gd,O; decrease in the period
from 0 to 3, 4, and 6 MWd/kgHM and increases signifi-
cantly as the fuel burnup proceeds to reach a maximum
of 7,9, and 11 MWd/kgHM respectively, and then de-
creases again to achieve a subcritical at EOC. For allUO,
+ Gd,O; fuel configurations, the curve of k;,; on the
burnup has a similar profile and values.
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Table 2. Isotopic concentration of fuel material in VVER-1000 assembly (in atoms per barn per cm)

235U 238U 160
UO; fuel with 3.7 wt.% **°U ” = =
8.6264-10 2.2169-10 4.6063-10
235 238 16,
U U 0
UO0; fuel with 3.6 wt.% **°U ” = =
7.5912-10 2.0071-10 4.1660-10
235U 238U 160 lSZGd 154Gd
—4 —2 —2 —6 —5
Gd Gd Gd Gd Gd
9.2705-107° 1.2801-107* 9.7400-107 | 1.5358-10™* | 1.3353.107*
235U 238U 160 lSZGd 154Gd
—4 2 —2 —6 —5
U, el with 3.6 Wt % U and 4 wie G0, |—L257510°" 19268107 | 4185010 | 25150.10° | 2730510
Gd Gd Gd Gd Gd
1.8541-107* 2.560-107* 1.9480-10* | 3.0715-10™* | 2.6706-107*
235U 238U 160 152Gd 154Gd
—4 ) =) -6 5
U, fuelwith 3.6 wt2% U and 6 wi e G0, |—P135710" | LSS6TI0Z | 41951107 | 37730.10° | 4095510
Gd Gd Gd Gd Gd
2.7812.107* 3.8403-107% | 2.9220-10* | 4.6073-107* | 4.0059-107*
235U 238U 160 152Gd 154Gd
—4 2 —2 —6 —5
U0, fuel with 3.6 wt.% U and 8 wt.% Gd;Os 6.929 10 1A8715§5 10 4.2?;718 10 54013518 10 5.4166(36 10
Gd Gd Gd Gd Gd
3.7082-107* 5.1204-107* 3.8960-10% | 6.1430-10™* | 5.3412-107*
Table 3. Isotopic concentration of non-fuel material in VVER-1000 assembly (in atoms per barn per cm)
9OZr 9IZr ‘)ZZr 94Zr
2.1913-1072 4.7786-107 7.3042-107° 7.4021-107°
96Zr 93Nb 174Hf 176Hf
Zirconium alloy B ») 5 E)
1.1925-10°° 4.2250-10 1.0555-10 3.4700-10
177Hf 178Hf 179Hf lSOHf
1.2270-10°° 1.7997-10°° 8.9851-1077 2.3142-10°°
MOD1: moderator, 0.6 g per kg of boron, 'H %0 "B "B
-3
Tu=575K, p =0.7235 gem 4.843-107 2.422-107 4.794-10°° 1.942-10°°
MOD2: moderator, without boron, 'H %0
Ty = 575K, p = 0.7235 gem™ 4.843-10° 2.422:10°
MOD?3: moderator, without boron, 'H 0
T =300 K, p=1.0033 gem™* 6.717-10"2 3.358.102

It can be said that the increase and decrease in
k; ¢ value just shows how fuel element potential to fis-
sion changes during each burn time, and at the end, it
almost converges to the same position on fuel burnup
degree (MWd/kgHM) of fuel element without
burnable absorber. It could also be known that with
higher burnable poison, then it will need more time to
deplete all absorber isotopes so its effect could be ne-
glected, and it could be seen in fig. 4 that a higher con-
centration of burnable poison absorber needs a lot lon-
ger time to deplete.

Table 4 presents the k;, . of fuel assembly derived
from fig. 4 with its comparison in the same configura-
tion, Gd,0; concentration and burnup level. It could
be seen from the table, that the deviation fraction ofk;,
between the assembly with 0 wt.% Gd,O; and 4 wt.%
Gd,0; as a standard burnable poison used in
VVER-1000 is ~9.71 %, while the assembly with 2
wt.%, 6 wt.%, and 8 wt.% Gd,O; is ~1.25 %, ~
—0.69 %, and ~—1.21 %, respectively. However, at the

middle of the cycle (MOC), those deviations become
very small (0.08 %, —0.03 %, —0.05 %) and very small
also (—0.05 %, —0.13 %, 0.03 %) at the end of the cycle
(EOC). This is caused by burnable poison that is de-
pleted during the burnup process leaving fissile mate-
rial to be burned as it was before.

In the reactor design, the Doppler temperature
coefficient (DTC) and the moderator temperature co-
efficient (MTC) are also considered basic safety pa-
rameters. To ensure the safety of reactor operation,
generally, a negative DTC and MTC are considered.
DTC is caused by an increase in fuel temperature
which influences the Doppler broadening of nuclear
material in the resonance energy region. In this study,
the DTC was calculated by using the following equa-
tion o K=k 1

k, -k, AT
where k; was calculated while both moderator and fuel
temperatures were at 575 K, k, was calculated while

(M
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Figure 4. Infinite neutron multiplication factor (Ki,s)

Table 5 presents the results of DTC for each
combination of gadolinium concentration and UO, +
Gd,0; fuel configurations. It can be seen from the ta-
ble that, the DTC values even without burnable poison
were negative and increased their negativity as fuel
burned. As the gadolinium concentration increases,
the amount of UO, decreases, and the effect of Dopp-
ler broadening on fertile material tends to increase
caused by slightly lower fissile material density, in-
creasing the capture-to-fission ratio. The DTC being
observed does not reflect any significant difference
between all three UO, + Gd,0; fuel configurations.

The calculation of MTC was carried out by the
following eq.

mrc=KiThs L ®)
k,-k; AT
where k; was calculated while the moderator tempera-
ture was at 300 K and fuel was at 575 K. The k; was
calculated while both moderator and fuel temperatures
were at 575 K, so that AT =275 K.

Generally, MTC was affected by the fuel-to-
moderator ratio. A decrease in moderator density, due
to an increase in light water temperature, will lead to
an increase in the fuel-to-moderator ratio. This could
lead to a decrease in neutron moderation and a de-
crease in the multiplication factor of an under-moder-
ated fuel assembly since we lose the moderation capa-
bilities of the fuel assembly. Since light water density
decreases with increasing its temperatures from
1.0033 gcm ™ at 300 K to 0.7235 gem 3 at 575 K, with
less moderation, the MTC could become negative on a
properly designed fuel assembly.

Table 6 presents the results of MTC for each
combination of gadolinium concentration and the
three configurations being considered. From the table,
it is found that the MTC values are all negative and
more negative than previously observed DTC. At
BOC, as gadolinium concentration increases, the
MTC value increases negatively. At MOC, this trend
does not repeat except only at 2 wt.% Gd,O; concen-
tration on configurations II and III. Same as without
burnable poison, the MTC value becomes more nega-
tive as fuel was burned but mostly, the trend was as
burnable poison concentrations increased, the MTC
shows less negative value. It can be rooted in both
fuel-to-moderator ratio and additional neutron absorp-
tion from gadolinium itself.

As gadolinium concentrations increase, the fuel
concentration decreased slightly in the fuel assembly
since the burnable absorber pin only covers 12 of 312
fuel pins in the fuel assembly. It will slightly move the
moderation efficiency of fuel assembly since a slightly
lower fuel-to-moderator ratio could increase modera-
tion efficiency slightly and lead to a slightly positive
MTC. But this phenomenon was not seen at the begin-
ning of the cycle when the burnable absorber itself still
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Table 4. Infinite multiplication factor (Ki,r)

Gd,0; concentration | Burnup [MWd/kgHM] Configuration I Configuration I1 Configuration III
0 1.29236 £0.00008 1.29180 £0.00008 1.29103 £0.00008

0% 20 1.01925 £0.00008 1.01888 £0.00008 1.01824 +£0.00008
40 0.88342 +0.00008 0.88277 £0.00008 0.88302 +0.00008

0 1.19234 £0.00008 1.19171 £0.00008 1.19224 +£0.00008

2% 20 1.01784 £0.00008 1.01832 £0.00008 1.01814 +0.00008
40 0.88234 £0.00008 0.88269 £0.00008 0.88235 +0.00008

0 1.17802 £0.00008 1.17692 £0.00008 1.17727 £0.00008

4% 20 1.01754 +£0.00008 1.01772 £0.00008 1.01674 £0.00008
40 0.88185 £0.00008 0.88202 £0.00008 0.88243 +0.00008

0 1.16992 +£0.00008 1.16840 £0.00008 1.16966 +0.00008

6% 20 1.01738 £0.00008 1.01714 £0.00008 1.01671 £0.00008
40 0.88072 £0.00008 0.88118 +0.00008 0.88083 +0.00008

0 1.16298 +£0.00008 1.16192 +£0.00008 1.16464 £0.00008

8% 20 1.01647 £0.00008 1.01649 £0.00008 1.01762 +£0.00008
40 0.88215 £0.00008 0.88287 +£0.00008 0.88220 +0.00008

Table 5. Doppler temperature coefficient (DTC, Ak/k K™)

Gd,0; concentration Burnup [MWd/kgHM] Configuration I Configuration 11 Configuration III
0 ~1.28048-10°° ~1.28434-107 ~1.29346-107°
0% 20 -1.91902-107 -1.90895-107 -1.93802-10°°
40 ~2.34848-107 ~2.36240-107 -2.25021-107
0 ~1.48388-107 -1.45178-107 ~1.47981-107°
2% 20 -1.95301-107 -1.91609-107 -1.93893-107
40 —2.31323-10°° —2.35763-107 —2.31349-107°
0 ~1.49506-107 -1.52112:10°° -1.50382-107°
4% 20 -1.95393-107 -1.95387-107 —1.98293-107
40 -2.28316-107 ~2.24023-107 —2.24501-107
0 -1.51995-107 -1.52619-107 -1.50738-107
6 % 20 ~1.96978-107 -1.97663-107 ~1.99563-107°
40 ~2.35366-107 ~2.36138-107 -2.38197-10°7°
0 ~1.53941-107 ~1.54832-107 -1.51739-10°
8 % 20 -1.99379-107° -1.99229-107 -1.99669-107°
40 —2.32972-107 -2.30733-107 237535107

exists a lot on the fuel element and still dominates the
absorption to fission ratio. When fuel was burned, fol-
lowed by a burnable absorber reduced in fuel elements,
the slight increase in moderation efficiency takes over
and could be observed as a slight increase in MTC
value. This phenomenon was observed clearly when
gadolinium concentrations were more than 4 wt.%
when the effect of the fuel-to-moderator ratio was dom-
inant enough rather than at 2 wt.% concentration.

CONCLUSION

Study on the effect of burnable absorbers on criti-
cality and reactivity coefficient of VVER-1000 assembly
has been conducted with a 3-D Monte Carlo transport
code MCNP6 and ENDF/B-VII.1 nuclear library. The

Gd,O; content varying from 0 wt.% to 8 wt.% was taken
into account to complete the inter-comparison analysis
between the results for three fuel configurations. At
BOC, there was a significant difference in criticality be-
tween assemblies with and without Gd,0;. However,
this difference became very small at MOC and almost the
same at EOC. The DTC values were always quite nega-
tive and tended to become more negative with increasing
gadolinium concentration and fuel burnup. At BOC, the
MTC values became more negative with increasing gad-
olinium concentration. However, this trend did not occur
at MOC, possibly due to the fuel composition. At EOC,
no clear trend in the MTC values with respect to Gd,O,
concentration is predicted because the Gd,O, absorbing
effect has been significantly reduced. The results con-
cluded that the addition of Gd,0; enhances negative re-
activity coefficients (DTC and MTC) at the beginning of
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Table 6. Moderator temperature coefficient (MTC, Ak/k K™)

Gd,0; concentration | Burnup [MWd/kgHM] Configuration T Configuration IT Configuration TIT
0 -9.33246-107 -9.38223-107 -9.35157-107
0% 20 ~1.35930-107* ~1.35259-107* -1.35792-107*
40 -1.17803-107* -1.17776-107* -1.17253-107*
0 ~1.25352-107* —1.24852-107* ~1.23595-107*
2% 20 ~1.35266-10* -1.35591-107* -1.35988-107*
40 ~1.18540-107* -1.16942-107* -1.17863-107"
0 ~1.41288-107* ~1.41341-107* ~1.38966-107*
4% 20 ~1.35389-107* —1.34998-107* —1.34805-107*
40 ~1.17873-107* ~1.12758-107* ~1.17603-107*
0 -1.50742-10°* -1.50318-10* —1.47548-10*
6% 20 —1.34929-107* —1.34603-107" —1.34304-107"
40 ~1.17326-107* ~1.17906-107* ~1.18504-107*
0 ~1.56543-107* -1.56325-107" -1.53128-107*
8 % 20 ~1.34918-107* ~1.34500-107* ~1.34468-107*
40 ~1.17815-10* ~1.17453-10* ~1.17314-10*
the cycle, which is an important safety feature. However, REFERENCES

these effects become less significant with increasing fuel
burnup as the Gd,O; is depleted.
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3YXAMUP, Baxug 1YT®U, Myxaman Japsuc UICHAWUHU, CPUJOHO, CYBOTO

YTNLHAJ CATOPUBUX AIICOPBEPA HA KOEOUMIIMIJEHTE KPUTNYHOCTU
N PEAKTUBHOCTU AHCAMBJA PEAKTOPA VVER-1000

Caropusu ancopbepu Urpajy BaskHy yJI0Ty y CATYPHOCTH HYKJI€apHOT peakTopa 1 HCTPakKUBaHe
HUXOBOT yTHUIIaja Ha TOHAIIIAhE je3rpa peaKTopa BaXKHO je TTamke Y IU3ajHy U pafy je3rpa peakTopa. Llnb
OBOT pajia je 1a ce OTKpHje YTHIlaj CarOpUBHUX ancopdepa Ha KPUTUIHOCT U KOS(UIUjEHT PEaKTUBHOCTH
ckiona peakropa VVER-1000. [Tpopauynu cy cnpoBenenu nomohy 3-D MonTte Kapio TpancnopTHOT
koaa MCNP6 u nykneapHne 6u6aunoreke ENDF/B-VII.1. Cappxaj Gd,O5 Bapupat je o 0 1o 8 Te>xXMHCKUX
mpoleHaTa fja 6u ce u3BpimiIa aHanuza MehycobHor nopebema u3meby koeduijenara KpUTUIHOCTH U
peakTuBHOCTHU 3a Tpu KoHpurypauuje ropusa UO, + Gd,O;. Ha nouyeTky nukmnyca nmocroju 3HayajHa
pasnuka usMeby kputuuHocTu aHcamb6bina ca u 6e3 Gd,03, MebyTuM, Ha cpeiluHM LUKIIyca, T€ pa3luKe
ocTajy BeoMa Maje M CKOpO HCTe Ha Kpajy Hukiyca. Bpepnoctu [lomiepoBor TemnepaTypHOT
KoehHIMjeHTa CYy YBEK JOBOJLHO HEraTHUBHE U MOKa3yjy HeraTUBHUjU TPEH/ ca noBehameM KOHI[eHTpanuje
rajloJlJMHAjymMa 1 caropeBama ropusa. Ha nmoueTky nukiyca, BpeHOCT TEMIIEpAaTypHOr KoepuuujeHTa
MOJlepaTopa pacTe HeraTUBHO KaKo ce KOHIeHTpalyja raJoluHyjyma nosehasa, ajay Ha CpeJuHU LUKIIyca
0Baj TPeHJI ce He jaBiba. [IpeTnocrasiba ce fia je cacTaB roprBa pasiior 3a OBy OKOIHOCT. Ha kpajy nukiyca
HE TMIOCTOjH jacaH TPEH] BPEAHOCTH TEMIIEPAaTypHOr Koe(dulMjeHTa MojepaTopa y OJHOCYy Ha
koHuenrpauujy Gd,O;. Yunu ce na ce ancopOyjyhu edpexar Gd,O; 3HayajHO cMamuo. Y LEJIUHU, OBO
UCTpaXKUBame MPYy>Ka yBUJ y YTHUIIQ] carOpUBUX aricopOepa Ha HEYTPOHCKE ITapaMeTpe CKJIoNa peakTopa
VVER-1000 1 s-1X0Be JOIPUHOCE CUTYPHOCTU PEAKTOPA.

Kmwyune peuu: cazopusu aiicopbep, kongpuzypauuja UO,+Gd,03, KpuiliuuHOCI, Koeghuuyujenit
peaxkitiusrociuu, ckaoii VVER-1000



