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Abstract
This article examines the effect of an integral burnable absorber (IBA) on the neutronic characteristics of Pressurized 
Water Reactor (PWR) to provide possible improvements for the fuel management. MCNPX code was used to design a 
three dimensional model for PWR assembly. The designed model has been validated by comparing the output data with 
a previously published data. MCNPX code was used to analyze the radial thermal neutron flux and the radial power 
distribution through PWR assembly with and without IBA. Gadolinium is burnable absorber material that was used in 
the IBA rods. The gadolinium element suppressed the power in the regions where they were distributed. The existence 
of IBA rods has a large effect on the Kinf. This effect decreases gradually with burnup due to the degradation of gadolin-
ium. The gadolinium isotopes degradation was analyzed with burnup. Different numbers of IBA rods were investigated 
to optimize the suitable number that can be used in the PWR assembly. The gadolinium effect on the concentration of 
135Xe and 149Sm resulting from the fission process was analyzed. 
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Introduction

Simulating the effect of IBAs on the neutronic characteris-
tics of PWR using MCNPX code plays an important role 
in the design and evaluation of nuclear systems. PWR is 
considered one of the most common types of nuclear re-
actors. Currently, there are about 269 PWRs are in use for 
power generation and several hundred more employed for 
naval propulsion (Huda et al. 2011). The high capital cost 
of large nuclear reactors appears to be the most limiting 
issues hindering the easy deployment today. In addition 
to the capital cost, large power additions may endanger 
the grid operation and stability in many areas (Karahan 

2010). Core management with burnable absorber (BAs) 
enables uniform, but slow control of reactivity and po-
wer distribution. BA is a strong neutron absorber that is 
converted into a less neutron absorbent nuclide after cap-
turing a neutron. One commonly used BA scheme in a 
PWR is by mixing Gd2O3 to UO2 fuels. This technique 
reduces the power density of the oxide fuels. Gd2O3 re-
places the fuel itself and the fuel mass are reduced (Yahya 
et al. 2014). The use of BAs needs to be increased for a 
safe and economical operation of a PWR. Two general ty-
pes of burnable absorbers (BAs) are used with PWR fuel: 
integral burnable absorbers (IBAs) and burnable poison 
rods (BPRs). IBAs are non-removable neutron absorbing 
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materials used as components of a fuel assembly. BPRs 
are rods that contain neutron absorbing materials that can 
be inserted into PWR assembly guide tubes. Both types 
of BAs can be used to control core reactivity, local power 
peaking and optimize fuel utilization. BPRs are designed 
to function during the first cycle of irradiation of a fresh 
and unirradiated fuel assembly. After one cycle of irradia-
tion, the BPRs are typically removed from the fuel assem-
bly allowing primary coolant to occupy the guide tube vo-
lume displaced by the BPRs. In the case of IBAs, the rods 
remain in the fuel assembly throughout its lifetime and 
usually account for a small reactivity penalty at the end 
of life. This is due to the incomplete consumption of the 
neutron absorber material (O’Leary and Pitts 2000).

Several different types of IBAs have been used in com-
mercial nuclear fuel assembly designs. All of the various 
designs are similar in that they contain thermal neutron 
absorbing material as an integral, non-removable part of 
the fuel assembly. Variations in the IBA material, compo-
sition, placement within rods and rod configurations exist 
among current PWR fuel assembly designs. These IBA 

characteristics may also be varied in combination with 
the initial fuel assembly enrichment and core location to 
achieve core operation and fuel management goals (San-
ders and Wagner 2002).

The IBA types that have been widely used in United 
State PWRs include Westinghouse assembly designs with 
integral fuel burnable absorber IFBA rods, Combustion 
Engineering (CE) and Siemens assembly design with 
UO2+Gd2O3 rods, CE assembly designs with UO2+Er2O3 
rods, and CE assembly designs with Al2O3-B4C rods (Ga-
lahom 2016). 

The presence of burnable absorbers during depletion 
hardens the neutron spectrum, resulting in lower 235U de-
pletion and higher production of fissile plutonium isoto-
pes. The enhanced plutonium production has the effect of 
increasing the reactivity of the fuel at discharge. Conse-
quently, an assembly exposed to burnable absorbers may 
have a slightly higher reactivity for a given burnup than 
an assembly that has not been exposed to burnable absor-
bers (Sanders and Wagner 2002). The following sections 
provide an overview of the calculation approach used for 
this study. In this work a three dimensional PWR assem-
bly was designed using MCNPX code. This model was 
used to investigate the effect of IBA (UO2+Gd2O3) on the 
reactivity and the power as a function of Effective Full 
Power Day (EFPD). Different numbers of IBAs rods were 
investigated to obtain a suitable number. 

Reference Benchmark PWR Model

A typical Westinghouse PWR core was selected as a core 
reference. The number of fuel assembly in the core is 193, 
rated 3358 MWth. Each assembly contains 17 × 17 array 
of pins. This assembly has 24 guide tubes, 1 instrumen-
tation tube and 264 fuel pins. Due to the symmetry of the 
PWR assemblies, one assembly has been simulated using 
MCNPX. The geometrical description and configuration 
of the assembly geometry are given in Fig.1. The PWR 
assembly is fueled with uranium dioxide. This fuel is bur-
ned for 1800 days with a specific power of 37.33 MW/
MTHM. The detailed parameters of this fuel assembly are 
described in Table 1. (Fridman and Kliem 2011).

Table 1. Benchmark problem design parameters

Operating parameter Value
Assembly array 17×17
Number of fuel rods per assembly 264
Number of Guide Tubes (GT) 24
Number of Instrumentation Tubes (IT) 1
Cladding material Zircaloy
Active fuel height 366 cm
Fuel Temperature 900 K
Cladding Temperature 581 K
Coolant Temperature 581 KFigure 1. Geometrical configuration of PWR UO2 assembly

Abbreviation Description Cm
A Assembly Pitch 21.50
B Fuel rod pitch 1.26
C Pellet outer diameter 0.819
D Cladding inner diameter 0.819
E Cladding outer diameter 0.95
F I/T, G/T inner diameter 1.143
G I/T, G/T outer diameter 1.224
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Calculation tool
In this work, the fuel assembly level calculations were 
performed with the well-known MCNPX code. Monte 
Carlo radiation transport computer code MCNPX is ba-
sed on CINDER90 and Monte Burns for its depletion/
burnup capabilities. MCNPX is a Fortran90 Monte Car-
lo radiation transport computer code. The new capabili-
ties of the MCNPX 2.6.0 version are used to analyze the 
effect of IBA on the neutronic characteristics of PWR. 
MCNPX is capable of simulating 34 particle types and 
more than 2000 heavy ions at low as well as very high 
energies (Galahom et al. 2015). This code is a gene-
ral purpose, generalized-geometry, continuous energy, 
time-dependent, coupled neutron/photon /electron Mon-
te Carlo transport code that solves transport problems 
in an arbitrary three dimensional geometry. Quantities 
that may be tallied include particle or energy current and 
flux across a surface, flux or energy deposition averaged 
over a volume, and flux at a point for a point detector. A 
wide variety of multipliers are available to augment any 
of these tallies, ranging from dose conversion factors to 
any cross section defined for ENDF/B-VII (Hendricks 
and Johnson 2008).

Model validation

MCNPX code is used to design a model for PWR assem-
bly (Lattice-1) as shown in Fig. 2. This model is fueled 
with UO2 with enrichment 4.21 wt% to validate MCNPX 
calculations. The output results are compared with a pre-
viously published data. A variation of the infinity multi-
plication factor Kinf at different Effective Full Power per 
Day (EFPD) is compared with that obtained by (Fridman 
and Kliem 2011) as shown in Fig. 3. The comparison pro-
cess shows that there is a good agreement between both 
curves. The small difference in the Kinf values is due to 
the type of the cross-section used. The output results of 
the MCNPX model are more accurate as the cross-section 
library used is more evolved.

Results and discussion

The PWR fuel assembly containing typical loadings of 
gadolinia has been analyzed to investigate their neutro-
nic effects on PWR nuclear fuel (Galahom 2016). Fig. 4 
illustrates a horizontal cross section MCNPX computer 
model of PWR assembly (Lattice-2) fueled with uranium 
dioxide in addition to IBA rods. Due to the symmetry of 
PWR assemblies, only one assembly is used to simulate 
its neutronic characteristics. Table 2 illustrates the fuel 
composition of the two lattices. The fuel Lattice-1 is fu-
eled with uranium dioxide while the Lattice-2 is fueled 
with UO2 in addition to IBAs rods. The IBA rods in the 
lattice-2 are filled with (UO2+ Gd2O3) (Yamamoto et al 
2002). Different gadolinium isotopes are used as burna-

ble absorber in the IBA rods. The concentrations of the 
gadolinium isotopes in the IBA are listed in Table 3.

Fig. 5 illustrates the thermal neutron flux distribution 
across the lattice-1 at the beginning of the cycle (BOC). It 

Figure 2. Horizontal cross section MCNPX computer model of 
PWR assembly fueled with UO2 (Lattice-1).

Figure 4. Horizontal cross section MCNPX computer model of 
PWR assembly fueled with (UO2+Gd2O3) IBAs (Lattice-2).

Figure 3. Variation of Kinf with EFPD for UO2 fuel.
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is observed that the thermal neutron flux values increase 
toward the assembly interior due to the existence of water 
rods. The thermal neutron flux in the fuel rods around the 

water rods is larger than that in the assembly periphery as 
the water convert the fast neutrons resulting from fission 
process into thermal neutrons. The thermal neutron flux 
maximize at the water rods. Fig.6. illustrates the thermal 
neutron flux distribution across lattice-2 where a burna-
ble absorber material is introduced in the assembly to 
suppress the high reactivity region. The thermal neutron 
flux values in the white region are very small compared 
with other fuel rods where the gadolinium is distributed 
through the fuel. The thermal neutron flux in lattice-2 dis-
tributes more flat than in lattice-1due to the existences of 
gadolinium in lattice-2.

Thermal neutrons are responsible for the fission chain 
reaction in PWR, so the behavior of power is similar to 
thermal neutron flux. The values of power in the fuel rods 
around the water tubes are larger than other fuel rods as 
illustrated in Fig.7. There is no power in the water rods. 
Fig. 8 illustrates the power distribution across lattice-2. 
Gadolinium has a large capability to absorb the thermal 
neutrons, so the neutron spectrum of the IBA (UO2+G-
d2O3) rods is less than UO2 rods. As there is no thermal 
neutron peak, the power is distributed more flatness in 
lattice-2 than in lattice-1.

Table 2. The fuel composition of the two lattices.

Lattice-1 Lattice-2
Fuel UO2 UO2
235U enrichment wt % 6.5 6.5 wt %
Density (g/cc) 10.3 10.3
IBA rods ----- UO2+Gd2O3

Gd2O3 wt % ----- 10

Table 3. Gadolinium isotopes concentration

Element Wt %
154Gd 2.2
155Gd 14.8
156Gd 20.4
157Gd 15.6
158Gd 24.8
160Gd 22.2

Figure 5. Thermal neutron flux distribution across lattice-1 (val-
ues are multiplied by 1013 n/cm2 s), at BOC.

Figure 6. Thermal neutron flux distribution across lattice 2. 
(values are multiplied by 1013 n/cm2 s), at BOC.

Figure 7. Power distribution across lattice-1 (values are multi-
plied by 10-2 MW), at BOC.

Figure 8. Power distribution across lattice-2 (values are multi-
plied by 10-2 MW), at BOC.
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Fig.9 illustrates the Kinf at different Effective Full Po-
wer per Day (EFPD) for two lattice type. For PWR as-
sembly fueled without IBAs (lattice-1), the Kinf decreases 
with EFPD in a nearly linear shape. The Kinf of lattice-1 
decreases dramatically at BOC because of the contribu-
tions of 135Xe and 149Sm atoms. All fission products have 
the ability to absorb neutrons to some extent, and their ac-
cumulation in a reactor leads to reduce its multiplication 
factor. Therefore, the fission product elements are of the 
greatest importance in thermal reactors

In contrast, for a PWR assembly design that makes sig-
nificant use of IBAs (lattice-2), the Kinf values in the peri-
od from 5 EFPD to 300 EFPD are nearly stable. Starting 
from 300 EFPD, the Kinf value actually increases as the 
fuel burnup proceeds reach a maximum at a point where 
the IBA is nearly depleted, and then decreases with EFPD 
in a nearly linear shape. The existence of Gd2O3 prevents 
from more 235U undergoes fission. Therefore, more 235U 
was consumed in the case of lattice-1 than in the case of 
lattice-2 as illustrated in Fig.10. 

Different number of IBA rods had been investigated 
to select the suitable number of the IBA rods that can be 
used in the PWR assembly. Fig.11 illustrates the variati-
on of Kinf values with EFPD at different number of IBAs 
rods. The Kinf values decrease when the number of IBAs 

rods increases as in the IBAs rods a part of the UO2 is 
replaced by Gd2O3. It is observed that using more than 42 
IBA rods in the PWR assembly decreased the Kinf value 
below the critical state at the BOC. 

Both 135Xe and 149Sm are considered the most impor-
tant fission product poisons whose thermal absorption 
cross-sections are 2.65×106 b. and 5.85×104 b respecti-
vely. Fig. 12 and Fig.13 display the 135Xe and 149Sm con-

Figure 9. Infinity multiplication factor at different EFPD.

Figure 11. Infinity multiplication factor versus EFPD at differ-
ent number of IBAs rods.

Figure 12. Variation of Xe-135 concentration versus EFPD.

Figure 13. Variation of Sm-149 concentration versus EFPD.
Figure 10. Variation of the 235U concentration with EFPD for the 
two lattice type.
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centration at different EFPD, respectively. The 135Xe and 
149Sm concentrations in lattice-2 are larger than in latti-
ce-1 due to the existence of gadolinium. The degradation 
of gadolinium with burnup contributes to increase the concen-
tration of 135Xe and 149Sm. 

Fig.14 illustrates the variation of the gadolinium reactivity 
worth with the EFPD. The reactivity of the reaction in PWR can 
be calculated by Eq.1 (Costa et al. 2009),

∆ρ (pcm) = [(k2- k1)/(k2.k1)].105	 (1)

where pcm = per cent mile, K2 and K1 are the effective mul-
tiplication factor with and without the IBAs rods. The presence 
of the gadolinium has a negative effect on the reactivity of the 
reaction. The reduction in the negative reactivity with the EFPD 
is due to the net reduction of the gadolinium isotopes concen-
trations that are used in the IBAs rods. The negative reactivity 
decreases with burnup until reach a steady state at which the 
gadolinium in the IBA rods is nearly depleted. There is a break-
down in the negative value of the reactivity from 240 EFPD 
to 700 EFPD. This breakdown is due to the change of 155Gd to 
156Gd concentration. The gadolinium isotopes have the ability 
to absorb the thermal neutrons and convert to another isotope. 

Therefore, the concentration of 155Gd and 157Gd decreases whi-
le the concentration of 156Gd and 158Gd increases with EFPD as 
illustrated in Fig.15. The importance of 155Gd and 157Gd comes 
from its high thermal neutron absorption cross-section. Table 4 
illustrates the capture cross section of gadolinium isotopes that 
is used in the IBA rods. 

Conclusion

The present MCNPX model results for kinf were found in 
a good agreement with previous published studies. Using 
of the IBA rods in the PWR assembly suppressed the ra-
dial peak power. The radial power distributed more flat 
in lattice-2 than in lattice-1. Using of gadolinium has a 
large importance to suppress the high Kinf values at the 
BOC. The negative reactivity of the gadolinium decreases 
rabidly due to the fast degradation of 155Gd and 157Gd. The 
suitable IBAs number that can be used in the PWR assem-
bly must not exceed 42 rods. The fission product poisons 
(135Xe and 149Sm) affect on the multiplication factor values 
at the BOC. The presence of Gd2O3 in the assembly incre-
ases the production of 135Xe and 149Sm atoms.

Table 4. The capture cross section of the gadolinium isotopes (Nichols et al. 2008)

Element Capture cross sections (barn)
154Gd 85 ± 12
155Gd 60900 ± 500
156Gd 1.8 ± 0.7
157Gd 254000 ± 815
158Gd 2.2 ± 0.2
160Gd 1.4 ± 0.3

Figure 14. Variation of the gadolinium reactivity worth with 
EFPD for lattice-2.

Figure 15. Variation of the gadolinium isotopes concentration 
with EFPD.
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