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Burnable ab sorb ers play an im por tant role in nu clear re ac tor safety and ex plor ing their ef fect
on the re ac tor core be hav ior is an im por tant is sue in the de sign and op er a tion of the re ac tor
core. The aim of the pres ent work was to dis cover the ef fect of burnable ab sorb ers on crit i cal -
ity and re ac tiv ity co ef fi cient of VVER-1000 as sem bly. The cal cu la tions were con ducted with a 
3-D Monte Carlo trans port code MCNP6 and ENDF/B-VII.1 nu clear li brary. The Gd2O3

con tent vary ing from 0 wt.% to 8 wt.% was con sid ered to com plete the inter-com par i son
anal y sis be tween the crit i cal ity and the re ac tiv ity co ef fi cients for three UO2+Gd2O3 fuel con -
fig u ra tions. At the be gin ning of the cy cle, there is a sig nif i cant dif fer ence be tween the crit i cal -
ity (kinf) of as sem bly with and with out Gd2O3, how ever, at the mid dle of the cy cle those dif -
fer ences be come very small and al most the same at the end of the cy cle. The Dopp ler
tem per a ture co ef fi cient val ues are al ways suf fi ciently neg a tive and dem on strate a more neg a -
tive trend with in creas ing gad o lin ium con cen tra tions and fuel burnup. At be gin ning of the
cy cle, the mod er a tor tem per a ture co ef fi cient value in creases neg a tively as gad o lin ium con cen -
tra tion in creases but, at mid dle of the cy cle this trend does not oc cur. The fuel com po si tion is
pre dicted to be the rea son be hind this sit u a tion. At the end of cy cle, there is no clear trend in
the mod er a tor tem per a ture co ef fi cient val ues with re spect to Gd2O3 con cen tra tion. The ab -
sorb ing ef fect of Gd2O3 ap pears to have di min ished sig nif i cantly. Over all, this re search pro -
vides in sights into the in flu ence of the burnable ab sorb ers on the neutronic pa ram e ters of the
VVER-1000 as sem bly and its con tri bu tion to re ac tor safety.

Key words: burnable ab sorber, UO2 + Gd2O3 con fig u ra tion, crit i cal ity, re ac tiv ity co ef fi cient,
VVER-1000 as sem bly

INTRODUCTION

Burnable ab sorb ers play an im por tant role in nu -
clear re ac tor safety and ex plor ing their ef fect on the re -
ac tor core be hav ior is an im por tant is sue in the de sign
and op er a tion of the re ac tor core. Burnable ab sorb ers
are known as ma te ri als with a high neu tron ab sorp tion
cross-sec tion, which, as a re sult of ra di a tion cap ture,
are con verted into iso topes with a rel a tively low neu -
tron ab sorp tion cross-sec tion. They are widely used to
com pen sate for the ini tial ex cess re ac tiv ity at the be -
gin ning of the cy cle by ab sorb ing neu trons and
thereby low er ing the re ac tion rate of ura nium fuel. The 
neg a tive re ac tiv ity of the burnable ab sorb ers de -
creases dur ing the re ac tor cam paign due to a re duc tion
in its con cen tra tion. In the ideal case, it should de -
crease at the same rate as the re serve of re ac tiv ity with
burnable of the fuel de creases. Burnable ab sorb ers
ben e fit al most all re ac tor de signs by pro vid ing re ac tiv -

ity con trol for ex tended fuel cy cles, burn ing of
long-lived radionuclides, and re ac tor safety [1, 2]. 

The VVER [3] is a pres sur ized wa ter re ac tor
(PWR), us ing light wa ter as a cool ant and mod er a tor
with 3000 MW ther mal power. The fea ture of VVER
that dis tin guished it from other PWR is its hex ag o nal
fuel ge om e try. As the source of clean en ergy in the
form of a nu clear power plant (NPP), the VVER-1000
[4] with its large elec tric ity gen er a tion ca pac ity, also
in cor po rates safety fea tures within its de sign. The
VVER-1000 with 31 units in op er a tion, which ac cu -
mu lated for about 500 re ac tor years of op er a tion be -
came the most com mon VVER de sign world wide.

With tech no log i cal im prove ments and eco -
nomic im prove ments, the VVER-1000 de sign bal -
ances the com bi na tion of pas sive and ac tive safety sys -
tems to man age the be yond-de sign ba sis ac ci dent
(BDBA). Based on the sig nif i cant ex pe ri ence gained
with the well-es tab lished VVER-1000, a num ber of
VVER- 1000 were in op er a tion and un der con struc -
tion at pres ent time in Novovoronezh, Kalinin,
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Balakovo, and Rostov Rus sia, South Ukraine, Rovno,
Zaporozhe, and Khmelnitski Ukraine, Kazloduy Bul -
garia, Temelin the Czech Re pub lic, Tianwan China,
Kudankulam In dia, Bushehr Iran, and Rooppur Ban -
gla desh. The two units of VVER- 1200/523 gen er at -
ing 2.4 GW elec tric power are planned to be op er a -
tional later in 2024 [5].

In gen eral, a typ i cal VVER-1000 re ac tor con -
sists of 163 fuel as sem blies with tri an gu lar (hex ag o -
nal) fuel rods pat tern with var i ous con fig u ra tions of
dif fer ent 235U en rich ment and gadolinia. In the
VVER-1000 re ac tor, the burnable ab sorber of gad o -
lin ium ox ide (Gd2O3) is mixed ho mo ge neously with
low-en riched ura nium ox ide (UO2) fuel. The fuel rods
con tain ing gad o lin ium are care fully dis trib uted in the
fuel as sem blies to flat ten out the neu tron flux dis tri bu -
tion and core power dur ing op er a tion. Each fuel as -
sem bly in cludes 300 UO2 fuel rods, 12 UO2 + Gd2O3

fuel rods, 18 guide tubes, and one cen tral tube for in -
stru men ta tion. In this pa per, the UO2 + Gd2O3 fuel
rods have been placed in a ref er ence con fig u ra tion
called con fig u ra tion I. Two other con fig u ra tions, con -
fig u ra tion II and III, with the same amount of UO2 +
Gd2O3 pins, but dif fer ent in po si tion are con sid ered.

The aim of the pres ent work was to ob serve the
ef fect of burnable ab sorb ers on crit i cal ity and re ac tiv -
ity co ef fi cient of VVER-1000 as sem bly. The
VVER-1000 low en riched ura nium (LEU) fuel as sem -
bly pro posed in the OECD Bench mark was se lected as
a cal cu la tion model [6]. The cal cu la tions were con -
ducted with a 3-D Monte Carlo trans port code
MCNP6 [7] and ENDF/B-VII.1 [8] con tin u ous en ergy 
nu clear data li brary. The CINDER90 [9] mod ule
within the MCNP6 was uti lized to per form the burnup
and de ple tion cal cu la tion of fuel with a ther mal power
of 18 MW ther mal per fuel as sem bly (3000 MW ther -
mal from to tal of 163 fuel as sem bly), from fresh fuel
up to 40 MWd/kgHM (Mega Watts day per kg heavy
metal). The Gd2O3 con tent vary ing from 0 wt.% to 8
wt.% was con sid ered to com plete the inter-com par i -
son anal y sis be tween the crit i cal ity and the re ac tiv ity
co ef fi cients for three UO2 + Gd2O3 fuel con fig u ra tions 
of VVER-1000 as sem bly. This range of Gd2O3con -
cen tra tion was cho sen since VVER 1000 uses a 4 %
con cen tra tion and in creases it up to twice as much,
which was con sid ered since the pre vi ous study [10,
11] shows some in crease in core ef fec tive mul ti pli ca -
tion fac tor but with some draw back on fuel ther mal
con duc tiv ity. 

THE VVER-1000 ASSEMBLY

The VVER-1000 as sem bly has a hex ag o nal ge -
om e try with a to tal of 331 rods, cat e go rized into 312
fuel rods, 18 guide tubes, and one cen tral tube. In this
model of study, 312 fuel rods con sist of 300 UO2 rods
with 3.7 wt.% 235U and 12 UO2+ Gd2O3rods con tain -

ing a ho mo ge neous mix ture of UO2 with 3.6 wt.%
235U and Gd2O3with con cen tra tion of 4.0 wt.%. The
gad o lin ium ox ide con tent in the fuel rod is use ful in
con trol ling ex cess re ac tiv ity at the be gin ning of the cy -
cle and it also takes part in con trol ling core re ac tiv ity
since it is only equipped with 18 con trol rod as sem bly
made of B4C ab sorber ma te rial.

The fuel-clad ding and struc tural ma te ri als are
mainly com posed of Zr-Nb-Hf al loy. Fuel-clad ding
pre vents di rect con tact of fuel to cool ant and pre vents
the re lease of fis sion prod ucts into the cool ant. The
fuel as sem bly struc ture sup ports the whole ge om e try
and fuel grid, en sur ing the cor rect place ment be tween
each fuel rod. The guide tube pro vides a chan nel for
in sert ing con trol rod and the cen tral tube pro vides a
mea sur ing chan nel for ob tain ing in for ma tion of con -
trol neu tron pop u la tion and tem per a ture. The con fig u -
ra tion and the de sign pa ram e ters of the as sem bly are
given in fig. 1 and tab. 1. 

CALCULATION MODEL

In the pres ent work, a se ries of nu mer i cal cal cu -
la tions were con ducted us ing the MCNP6 code and
ENDF/B-VII.1 nu clear data li brary to study the ef fect
of UO2 + Gd2O3 fuel con fig u ra tion on the crit i cal ity
and re ac tiv ity co ef fi cient of VVER-1000 re ac tor as -
sem bly. The MCNP6 was a suc ces sor of its pre vi ous
ver sion of MCNP which in te grates the fea tures of
MCNP5 [12] and im proves the fuel de ple tion ca pa bil i -
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Fig ure 1. Con fig u ra tion of the VVER-1000 fuel
as sem bly [13]



ties of MCNPX [14]. The MCNP was a par ti cle trans -
port cal cu la tion code for neu trons, pho tons, and elec -
trons de vel oped by the Los Alamos Na tional
Lab o ra tory. The code with its pow er ful ca pa bil i ties
has been dem on strated ex ten sively in mod el ing and
sim u lat ing the core phys ics pa ram e ters and fuel de ple -
tion through var i ous types of re ac tors [15-31].

Three steps were un der taken to model the ge om -
e try of the VVER-1000 as sem bly. The first step of
MCNP6 cal cu la tion was to model the UO2 fuel rod
and the UO2 + Gd2O3 fuel rod. These an nu lar pel lets
have the same ra dius of 0.3860 cm. The zircaloy-4
clad ding was mod eled sur round ing the fuel rod with
an in ner and outer ra dius of 0.3860 cm and 0.4582 cm,
re spec tively. Wa ter is used sur round ing fuel clad ding
to cre ate a fuel cell in a sim ple hex ag o nal (SH) lat tice.
The Gd2O3 con tent in the UO2 + Gd2O3 fuel rod was
ad justed to vary from 0 wt.% to 8 wt.%. The burnable
poi son mix ture con sists of six sta ble iso topes of gad o -
lin ium, such as 152Gd, 154Gd, 155Gd, 156Gd, 157Gd,
158Gd, and 160Gd with the nat u ral abun dance of 0.2 %,
2.18 %,  14.8 %,  20.47 %,  15,67 %,  24.84 %, and
21.86 %, re spec tively.

The sec ond step is to model the guide tube and
cen tral tube in a sim i lar man ner as the fuel rod. The
fuel pel let was re placed with wa ter and the clad ding
was mod eled to have an in ner and outer ra dius of
0.3860 cm and 0.4582 cm for the con trol rod guide
tube and 0.4800 cm and 0.5626 cm for the cen tral tube, 
re spec tively. The clad ding was also sur rounded with
wa ter in an SH lat tice. Each UO2 and UO2 + Gd2O3

fuel cell, guide tube cell, and cen tral tube cell was then
de fined as a uni verse with1.2750 cm lat tice pitch to
form a fuel as sem bly.

The VVER-1000 LEU fuel as sem bly with an as -
sem bly pitch of 23.6 cm was con structed to fol low the
ex act ge om e try di men sions of VVER re ac tor com po -
nents. By con strain ing the num ber of UO2 + Gd2O3

fuel pins within the fuel as sem bly and rec re at ing 2
other fuel pin con fig u ra tions that are fairly dis trib uted, 
we cal cu late fuel per for mance as a part of the sen si tiv -
ity anal y sis of burnable poi son fuel pin po si tion within 

the fuel as sem bly. The MCNP6 model for each lat tice
cell and fuel as sem bly for the UO2 + Gd2O3 fuel pin
are il lus trated in figs. 2 and 3, re spec tively. Also, the
iso to pic com po si tions for fuel and non-fuel ma te rial in 
VVER-1000 as sem blies (in at oms per barn per cm) are 
pre sented in tabs. 2 and 3, re spec tively.

The to tal num ber of 50 mil lion neu tron his to ries
be ing used for most of the in fi nite mul ti pli ca tion cal -
cu la tion, us ing 100 000 neu trons for a to tal of 750 cy -
cles and 250 skipped, while only 2 mil lion neu tron his -
to ries were used for burnup cal cu la tion, 10.000
neu trons with a to tal of 250 cy cles and 50 skipped. As
a typ i cal Monte Carlo cal cu la tion, skipped cy cles were 
used to find fis sion source dis tri bu tions. The fis sion
source was placed in the cen ter of some fuel rods. The
stan dard de vi a tion was less than 0.00010 for all kinf

cal cu la tions. The ther mal neu tron scat ter ing data S (a,
b) was ap plied to con sider the in elas tic in ter ac tion of
ther mal neu trons with hy dro gen within light wa ter be -
low ~4 eV.

Fuel de ple tion (burnup) cal cu la tion was be ing car -
ried out in MCNP6 us ing CINDER90 at a con stant
power of 18 MW for 355 cm fuel height be ing mod elled,
with both 135Xe and 149Sm un der equi lib rium state. The
fuel burned to 40 MWd/kgHM with 20 burnup steps
con sist ing 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 cho sen to
pres ent the se lected burnup de gree for this study.

Three dif fer ent mod er a tor con di tions rep re sented in
the cal cu la tions are cat e go rized as MOD1/MOD2/MOD3 
with a den sity of 0.7235/0.7235/1.0033 gcm–3 and a bo ron 
con cen tra tion of 600/0/0 ppm, re spec tively. The 1200 K
tem per a tures were used to ap prox i mate the fuel tem per a -
ture of 1027 K and 600 K for the non-fuel tem per a ture of
575 K be cause data for those spe cific tem per a tures does
not ex ist in the MCNP li brary. Re flec tive bound ary con di -
tion was used in this fuel as sem bly level cal cu la tion.
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Table 1. Design parameters of the VVER-1000 fuel
 assembly

Number of UO2 fuel cell 300

Number of UO2 + Gd2O3 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 235U [wt.%] 3.7

Density of Gd2O3 [gcm–3] 7.4

Fig ure 2. The MCNP6 model for each lat tice cell



RESULTS AND DISCUSSION

In the op er a tion of a nu clear re ac tor, as crit i cal ity
is the state in which a fuel can sus tain a nu clear chain re -
ac tion by it self, main tain ing ad e quate crit i cal ity but also 
safety in the op er a tion of the re ac tor, is an im por tant pri -
or ity. The crit i cal ity of a fi nite re ac tor core can be ex -
pressed as an ef fec tive mul ti pli ca tion fac tor (kinf) while
in this study, a fuel as sem bly with a re flec tive bound ary
con di tion rep re sents an in fi nite re ac tor in which no neu -
trons leak from the fuel as sem bly ge om e try, lead ing to
the term of in fi nite mul ti pli ca tion fac tor (kinf).

Since kinf is an a log to the po ten tial of the fuel el e -
ment to pro duce fis sion neu trons dur ing op er a tion, the
higher value of kinf is an a log to a higher po ten tial of
fuel to un dergo fis sion fol lowed by a higher num ber of
fis sion neu trons pro duced. Pre sent ing an ab sorber
such as gad o lin ium into the fuel el e ment could lower
the fis sion po ten tial for this fuel since this study uses a
frac tion of the burnable ab sorber to its fuel mix ture
which will lead to a lower fuel con cen tra tion. Add ing a 
burnable ab sorber low ers the fis sion po ten tial of fuel
at the be gin ning, so the neu tron pop u la tion in the fuel
el e ment needs to in crease to com pen sate for the ad di -
tional ab sorp tion from gad o lin ium, lead ing to a higher
fis sion rate in or der to pro duce the same amount of
power in each fuel as sem bly.

Since the neu tron ab sorber will be con sumed
through the trans mu ta tion pro cess in duced by the neu -
trons, the amount of neu tron ab sorber de creases but, the
fuel it self also de creases since it is the source of fis sion
neu trons at the be gin ning. Fig ure 4 shows the kinf of fuel
as sem bly us ing var i ous Gd2O3 con cen tra tions as fuel de -
pletes. Fuel with out gad o lin ium on each fuel con fig u ra -
tion de creases sharply with fuel burnup due to fis sile ma -
te rial within fuel con sumed dur ing fuel burnup to
achieve power gen er a tion as user in put. At the be gin ning
of the cy cle (BOC), there is a sig nif i cant dif fer ence be -
tween the kinf of as sem bly with and with out Gd2O3. As
we al ready knew, the higher the Gd2O3 con cen tra tion
within the fuel, the lower the kinf value be came.

The kinf of as sem bly with 2 wt.% Gd2O3 for all fuel
con fig u ra tions de creases in the pe riod from 0 to 1
MWd/kgHM be cause of the two pre dom i nant Gd iso -
topes, 155Gd and 157Gd. As Gd2O3 ab sorbs neu trons and
slowly de pletes, kinf in creases sig nif i cantly with fuel
burnup to a max i mum at 4 MWd/kgHM at the point
where the gad o lin ium is al most com pletely de pleted. Af -
ter that, it de creases as burnup in crease at the same rate as
fuel as sem bly with out gad o lin ium, down to the end of
the cy cle (EOC). Sim i larly, the kinf of fuel as sem bly with
4 wt.%, 6 wt.%, and 8 wt.% Gd2O3 de crease in the pe riod 
from 0 to 3, 4, and 6 MWd/kgHM and in creases sig nif i -
cantly as the fuel burnup pro ceeds to reach a max i mum
of 7, 9, and 11 MWd/kgHM re spec tively, and then de -
creases again to achieve a subcritical at EOC. For all UO2

+ Gd2O3 fuel con fig u ra tions, the curve of kinf on the
burnup has a sim i lar pro file and val ues.
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Fig ure 3. The MCNP6 model for VVER-1000 as sem bly



It can be said that the in crease and de crease in
kinf value just shows how fuel el e ment po ten tial to fis -
sion changes dur ing each burn time, and at the end, it
al most con verges to the same po si tion on fuel burnup
de gree (MWd/kgHM) of fuel el e ment with out
burnable ab sorber. It could also be known that with
higher burnable poi son, then it will need more time to
de plete all ab sorber iso topes so its ef fect could be ne -
glected, and it could be seen in fig. 4 that a higher con -
cen tra tion of burnable poi son ab sorber needs a lot lon -
ger time to de plete.

Ta ble 4 pres ents the kinf of fuel as sem bly de rived
from fig. 4 with its com par i son in the same con fig u ra -
tion, Gd2O3 con cen tra tion and burnup level. It could
be seen from the ta ble, that the de vi a tion frac tion of kinf

be tween the as sem bly with 0 wt.% Gd2O3 and 4 wt.%
Gd2O3 as a stan dard burnable poi son used in
VVER-1000 is ~9.71 %, while the as sem bly with 2
wt.%,  6 wt.%,  and  8  wt.%  Gd2O3  is ~1.25  %, ~
–0.69 %, and ~ –1.21 %, re spec tively. How ever, at the

mid dle of the cy cle (MOC), those de vi a tions be come
very small (0.08 %, –0.03 %, –0.05 %) and very small
also (–0.05 %, –0.13 %, 0.03 %) at the end of the cy cle
(EOC). This is caused by burnable poi son that is de -
pleted dur ing the burnup pro cess leav ing fis sile ma te -
rial to be burned as it was be fore.

In the re ac tor de sign, the Dopp ler tem per a ture
co ef fi cient (DTC) and the mod er a tor tem per a ture co -
ef fi cient (MTC) are also con sid ered ba sic safety pa -
ram e ters. To en sure the safety of re ac tor op er a tion,
gen er ally, a neg a tive DTC and MTC are con sid ered.
DTC is caused by an in crease in fuel tem per a ture
which in flu ences the Dopp ler broad en ing of nu clear
ma te rial in the res o nance en ergy re gion. In this study,
the DTC was cal cu lated by us ing the fol low ing equa -
tion

DTC
T

=
-

×

k k

k k
2 1

2 1

1

D
(1)

where k1 was cal cu lated while both mod er a tor and fuel 
tem per a tures were at 575 K, k2 was cal cu lated while
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Table 2. Isotopic concentration of fuel material in VVER-1000 assembly (in atoms per barn per cm)

UO2 fuel with 3.7 wt.% 235U
235U 238U 16O

8.6264×10–4 2.2169×10–2 4.6063×10–2

UO2 fuel with 3.6 wt.% 235U
235U 238U 16O

7.5912×10–4 2.0071×10–2 4.1660×10–2

UO2 fuel with 3.6 wt.% 235U and 2 wt.% Gd2O3

235U 238U 16O 152Gd 154Gd

7.4394×10–4 1.9669×10–2 4.1757×10–2 1.2580×10–6 1.3652×10–5

155Gd 156Gd 157Gd 158Gd 160Gd

9.2705×10–5 1.2801×10–4 9.7400×10–5 1.5358×10–4 1.3353×10–4

UO2 fuel with 3.6 wt.% 235U and 4 wt.% Gd2O3

235U 238U 16O 152Gd 154Gd

7.2875×10–4 1.9268×10–2 4.1854×10–2 2.5159×10–6 2.7303×10–5

155Gd 156Gd 157Gd 158Gd 160Gd

1.8541×10–4 2.560×10–4 1.9480×10–4 3.0715×10–4 2.6706×10–4

UO2 fuel with 3.6 wt.% 235U and 6 wt.% Gd2O3

235U 238U 16O 152Gd 154Gd

7.1357×10–4 1.8867×10–2 4.1951×10–2 3.7739×10–6 4.0955×10–5

155Gd 156Gd 157Gd 158Gd 160Gd

2.7812×10–4 3.8403×10–4 2.9220×10–4 4.6073×10–4 4.0059×10–4

UO2 fuel with 3.6 wt.% 235U and 8 wt.% Gd2O3

235U 238U 16O 152Gd 154Gd

6.9839×10–4 1.8465×10–2 4.2048×10–2 5.0318×10–6 5.4606×10–5

155Gd 156Gd 157Gd 158Gd 160Gd

3.7082×10–4 5.1204×10–4 3.8960×10–4 6.1430×10–4 5.3412×10–4

Table 3. Isotopic concentration of non-fuel material in VVER-1000 assembly (in atoms per barn per cm)

Zirconium alloy

90Zr 91Zr 92Zr 94Zr

2.1913×10–2 4.7786×10–3 7.3042×10–3 7.4021×10–3

96Zr 93Nb 174Hf 176Hf

1.1925×10–3 4.2250×10–4 1.0555×10–8 3.4700×10–7

177Hf 178Hf 179Hf 180Hf

1.2270×10–6 1.7997×10–6 8.9851×10–7 2.3142×10–6

MOD1: moderator, 0.6 g per kg of boron,
Tm = 575 K,  r = 0.7235 gcm–3

1H 16O 10B 11B

4.843×10–2 2.422×10–2 4.794×10–6 1.942×10–5

MOD2: moderator, without boron,
Tm = 575 K, r = 0.7235 gcm–3

1H 16O

4.843×10–2 2.422×10–2

MOD3: moderator, without boron,
Tm = 300 K, r = 1.0033 gcm–3

1H 16O

6.717×10–2 3.358×10–2



mod er a tor tem per a ture was at 575 K and fuel at 1027
K, and DT = 452 K.

Ta ble 5 pres ents the re sults of DTC for each
com bi na tion of gad o lin ium con cen tra tion and UO2 +
Gd2O3 fuel con fig u ra tions. It can be seen from the ta -
ble that, the DTC val ues even with out burnable poi son
were neg a tive and in creased their negativity as fuel
burned. As the gad o lin ium con cen tra tion in creases,
the amount of UO2 de creases, and the ef fect of Dopp -
ler broad en ing on fer tile ma te rial tends to in crease
caused by slightly lower fis sile ma te rial den sity, in -
creas ing the cap ture-to-fis sion ra tio. The DTC be ing
ob served does not re flect any sig nif i cant dif fer ence
be tween all three UO2 + Gd2O3 fuel con fig u ra tions.

The cal cu la tion of MTC was car ried out by the
fol low ing eq.

MTC
T

=
-

×

k k

k k
1 3

1 3

1

D
(2)

where k3 was cal cu lated while the mod er a tor tem per a -
ture was at 300 K and fuel was at 575 K. The k1 was
cal cu lated while both mod er a tor and fuel tem per a tures 
were at 575 K, so that DT = 275 K.

Gen er ally, MTC was af fected by the fuel-to-
mod er a tor ra tio. A de crease in mod er a tor den sity, due
to an in crease in light wa ter tem per a ture, will lead to
an in crease in the fuel-to-mod er a tor ra tio. This could
lead to a de crease in neu tron mod er a tion and a de -
crease in the mul ti pli ca tion fac tor of an un der-mod er -
ated fuel as sem bly since we lose the mod er a tion ca pa -
bil i ties of the fuel as sem bly. Since light wa ter den sity
de creases with in creas ing its tem per a tures from
1.0033 gcm–3 at 300 K to 0.7235 gcm–3 at 575 K, with
less mod er a tion, the MTC could be come neg a tive on a
prop erly de signed fuel as sem bly.

Ta ble 6 pres ents the re sults of MTC for each
com bi na tion of gad o lin ium con cen tra tion and the
three con fig u ra tions be ing con sid ered. From the ta ble,
it is found that the MTC val ues are all neg a tive and
more neg a tive than pre vi ously ob served DTC. At
BOC, as gad o lin ium con cen tra tion in creases, the
MTC value in creases neg a tively. At MOC, this trend
does not re peat ex cept only at 2 wt.% Gd2O3 con cen -
tra tion on con fig u ra tions II and III. Same as with out
burnable poi son, the MTC value be comes more neg a -
tive as fuel was burned but mostly, the trend was as
burnable poi son con cen tra tions in creased, the MTC
shows less neg a tive value. It can be rooted in both
fuel-to-mod er a tor ra tio and ad di tional neu tron ab sorp -
tion from gad o lin ium it self.

As gad o lin ium con cen tra tions in crease, the fuel
con cen tra tion de creased slightly in the fuel as sem bly
since the burnable ab sorber pin only cov ers 12 of 312
fuel pins in the fuel as sem bly. It will slightly move the
mod er a tion ef fi ciency of fuel as sem bly since a slightly
lower fuel-to-mod er a tor ra tio could in crease mod er a -
tion ef fi ciency slightly and lead to a slightly pos i tive
MTC. But this phe nom e non was not seen at the be gin -
ning of the cy cle when the burnable ab sorber it self still
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Fig ure 4. In fi nite neu tron mul ti pli ca tion fac tor (kinf)



ex ists a lot on the fuel el e ment and still dom i nates the
ab sorp tion to fis sion ra tio. When fuel was burned, fol -
lowed by a burnable ab sorber re duced in fuel el e ments,
the slight in crease in mod er a tion ef fi ciency takes over
and could be ob served as a slight in crease in MTC
value. This phe nom e non was ob served clearly when
gad o lin ium con cen tra tions were more than 4 wt.%
when the ef fect of the fuel-to-mod er a tor ra tio was dom -
i nant enough rather than at 2 wt.% con cen tra tion.

CONCLUSION

Study on the ef fect of burnable ab sorb ers on crit i -
cal ity and re ac tiv ity co ef fi cient of VVER-1000 as sem bly 
has been con ducted with a 3-D Monte Carlo trans port
code MCNP6 and ENDF/B-VII.1 nu clear li brary. The

Gd2O3 con tent vary ing from 0 wt.% to 8 wt.% was taken
into ac count to com plete the inter-com par i son anal y sis
be tween the re sults for three fuel con fig u ra tions. At
BOC, there was a sig nif i cant dif fer ence in crit i cal ity be -
tween as sem blies with and with out Gd2O3. How ever,
this dif fer ence be came very small at MOC and al most the 
same at EOC. The DTC val ues were al ways quite neg a -
tive and tended to be come more neg a tive with in creas ing
gad o lin ium con cen tra tion and fuel burnup. At BOC, the
MTC val ues be came more neg a tive with in creas ing gad -
o lin ium con cen tra tion. How ever, this trend did not oc cur
at MOC, pos si bly due to the fuel com po si tion. At EOC,
no clear trend in the MTC val ues with re spect to Gd2O3

con cen tra tion is pre dicted be cause the Gd2O3 ab sorb ing
ef fect has been sig nif i cantly re duced. The re sults con -
cluded that the ad di tion of Gd2O3 en hances neg a tive re -
ac tiv ity co ef fi cients (DTC and MTC) at the be gin ning of
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Table 4. Infinite multiplication factor (kinf)

Gd2O3 concentration Burnup [MWd/kgHM] Configuration I Configuration II Configuration III

0%

0 1.29236 ±0.00008 1.29180 ±0.00008 1.29103 ±0.00008

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

2 %

0 1.19234 ±0.00008 1.19171 ±0.00008 1.19224 ±0.00008

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

4 %

0 1.17802 ±0.00008 1.17692 ±0.00008 1.17727 ±0.00008

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

6 %

0 1.16992 ±0.00008 1.16840 ±0.00008 1.16966 ±0.00008

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

8 %

0 1.16298 ±0.00008 1.16192 ±0.00008 1.16464 ±0.00008

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, Dk/k K–1)

Gd2O3 concentration Burnup [MWd/kgHM] Configuration I Configuration II Configuration III

0 %

0 –1.28048×10–5 –1.28434×10–5 –1.29346×10–5

20 –1.91902×10–5 –1.90895×10–5 –1.93802×10–5

40 –2.34848×10–5 –2.36240×10–5 –2.25021×10–5

2 %

0 –1.48388×10–5 –1.45178×10–5 –1.47981×10–5

20 –1.95301×10–5 –1.91609×10–5 –1.93893×10–5

40 –2.31323×10–5 –2.35763×10–5 –2.31349×10–5

4 %

0 –1.49506×10–5 –1.52112×10–5 –1.50382×10–5

20 –1.95393×10–5 –1.95387×10–5 –1.98293×10–5

40 –2.28316×10–5 –2.24023×10–5 –2.24501×10–5

6 %

0 –1.51995×10–5 –1.52619×10–5 –1.50738×10–5

20 –1.96978×10–5 –1.97663×10–5 –1.99563×10–5

40 –2.35366×10–5 –2.36138×10–5 –2.38197×10–5

8 %

0 –1.53941×10–5 –1.54832×10–5 –1.51739×10–5

20 –1.99379×10–5 –1.99229×10–5 –1.99669×10–5

40 –2.32972×10–5 –2.30733×10–5 –2.37535×10–5



the cy cle, which is an im por tant safety fea ture. How ever,
these ef fects be come less sig nif i cant with in creas ing fuel
burnup as the Gd2O3 is de pleted.
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ZUHAIR, Vahid LUTFI, Muhamad Darvis ISNAINI, SRIJONO, SUVOTO

UTICAJ  SAGORIVIH  APSORBERA  NA  KOEFICIJENTE   KRITI^NOSTI
I  REAKTIVNOSTI  ANSAMBLA  REAKTORA  VVER-1000 

Sagorivi apsorberi igraju va`nu ulogu u sigurnosti nuklearnog reaktora i istra`ivawe 
wihovog uticaja na pona{awe jezgra reaktora va`no je pitawe u dizajnu i radu jezgra reaktora. Ciq 
ovog rada je da se otkrije uticaj sagorivih apsorbera na kriti~nost i koeficijent reaktivnosti
sklopa reaktora VVER-1000. Prora~uni su sprovedeni pomo}u 3-D Monte Karlo transportnog
koda MCNP6 i nuklearne biblioteke ENDF/B-VII.1. Sadr`aj Gd2O3 variran je od 0 do 8 te`inskih
procenata da bi se izvr{ila analiza me|usobnog pore|ewa izme|u koeficijenata kriti~nosti i
reaktivnosti za tri konfiguracije goriva UO2 + Gd2O3. Na po~etku ciklusa postoji zna~ajna
razlika izme|u kriti~nosti ansambla sa i bez Gd2O3, me|utim, na sredini ciklusa, te razlike
postaju veoma male i skoro iste na kraju ciklusa. Vrednosti Doplerovog temperaturnog
koeficijenta su uvek dovoqno negativne i pokazuju negativniji trend sa pove}awem koncentracije
gadolinijuma i sagorevawa goriva. Na po~etku ciklusa, vrednost temperaturnog koeficijenta
moderatora raste negativno kako se koncentracija gadolinijuma pove}ava, ali na sredini ciklusa
ovaj trend se ne javqa. Pretpostavqa se da je sastav goriva razlog za ovu okolnost. Na kraju ciklusa
ne postoji jasan trend vrednosti temperaturnog koeficijenta moderatora u odnosu na
koncentraciju Gd2O3. ^ini se da se apsorbuju}i efekat Gd2O3 zna~ajno smawio. U celini, ovo
istra`ivawe pru`a uvid u uticaj sagorivih apsorbera na neutronske parametre sklopa reaktora
VVER-1000 i wihove doprinose sigurnosti reaktora.

Kqu~ne re~i: sagorivi apsorber, konfiguracija UO2+Gd2O3, kriti~nost, koeficijent
..........................reaktivnosti, sklop VVER-1000


