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Abstract 
The present study aims to evaluate the impact of the placement of an iPWR type fuel assembly 
elements containing consumable poison (Gd2O3) on neutronic parameters at the lattice cell 
level. For this analysis, the NuScale Power Module was used, which is an innovative iPWR 
design based on PWR technology. The NuScale fuel assembly is represented as a 17×17 matrix 
of elements, comprising 232 fuel elements UO2 with 4.55% U235 enrichment, 32 fuel elements 
of mixed oxides (UO2 and consumable poison, Gd2O3, at a concentration of 2% and 8%, 
respectively), as well as 24 guide tubes and one instrumentation tube. The DRAGON code's 
PSP module was utilized for the fuel elements, tubes (guide/instrumental), and fuel assembly's 
geometric modeling. All calculations were carried out using the deterministic DRAGON code 
and the IAEA's nuclear data library. The main parameters of interest for this study were, as 
follows: burnup evolution of the infinite multiplication factor (kinf), maximum discharge 
burnup (Bmax), and reactivity coefficients. The values of Bmax ranged between 39500 and 39900 
MWd/tHE. The increase in the amount of consumable poison led to a decrease in the maximum 
burnup by up to 370 MWd/tHE compared to fuel compositions containing 2% Gd2O3. The 
results of the analysis indicate that the utilization of various arrangements for the placement of 
fuel elements with consumable poison in the NuScale fuel assembly did not significantly affect 
the primary neutronic parameters. 
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Introduction 
In recent years, the trend in small modular reactor (SMR) 
technology development has been towards the water-
cooled integral pressurized water reactor (iPWR) type. The 
innovative and unique characteristics of iPWR-type SMRs 
provide an enhanced safety margin, thus offering the 
potential to expand the use of safe, clean, and reliable 
nuclear energy to a broad range of energy applications. 
Currently in the world, there are about eleven (11) iPWR-
type SMRs concepts and designs that are in various phases 
of development: under construction, licensed or in the 
licensing review process, the development phase, and 
conceptual design phase, [1]. Several nuclear industry 
companies, including NuScale, AREVA, Babcock & 
Wilcox (mPower), General Atomics, and Westinghouse 
(IRIS), are actively promoting various designs of SMRs, 
[2]. Additionally, national research institutes in countries 
such as Argentina, China, Japan, Korea, and Russia are 
developing additional designs of SMRs, [3, 4]. 
 
For this study, the NuScale Power Module (NPM) was 
considered, which is an innovative iPWR design based on 
PWR technology without using primary coolant pump, so 
natural circulation is used as primary heat transfers. With a 
thermal power of 160 MW per module, NuScale has its 
modularity and flexibility to increase power up to 12 
modules in on facility, and advantages due to small 
footprint, [5, 6]. Financial budget for SMR is also lower 
than for a large NPP because it eliminates uses of pumps 

and several pipelines [6, 7] as well as simpler manufacture 
and transport of reactor component. In addition, there are 
reduced probability for some accidents such as Loss of 
Coolant Accident (LOCA) or Loss of Flow Accident 
(LOFA) which based on primary coolant pump and 
pipeline failure [8-10]. 
 
The objective of this paper is to examine the consequences of 
placing iPWR type fuel assembly elements that have 
consumable poison (Gd2O3) on neutronic parameters at the 
lattice cell level. Five geometric configurations were 
investigated concerning the arrangement of consumable 
poison elements in the iPWR type fuel assembly. The 
configuration Case_5_ref, which follows the conventional 
arrangement of 32 consumable poison elements in the fuel 
assembly, [11-14], was selected as the reference configuration 
for the current investigation. 
 
For the lattice cell assessment, 2-D neutron transport 
calculations were performed to estimate the following 
neutronic parameters: the infinite multiplication factor (kinf), 
the maximum burnup at discharge (Bmax), and the reactivity 
coefficients of the fuel (Doppler effect, αT) and of the 
moderator (αTmod). 
 
The neutron transport calculations were performed using 
DRAGON (version 5,   [15]), a collision probability code, and 
an appropriate nuclear data library based on the ENDF/B-VII 
evaluated nuclear data  [16, 17]. 
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NuScale's description 
The reactor building is a Seismic Category I structure that 
is reinforced by concrete that will withstand the effects of 
aircraft impact, environmental conditions, natural phenomena, 
design basis accidents, and design basis threats. The reactor 
building also provides radiation protection to plant 
operation and maintenance personnel (see Fig. 1, [18]). 

 

 
Fig. 1. Reactor building view, [18] 

 
NuScale is a typical Pressurized Water Reactor (PWR) 
Small Modular Reactor with a thermal power output of 
160 MW. The basic configuration of a single NuScale 
Power Module is shown schematically in Fig. 2.  
 

 
Fig. 2. NuScale Power Module, [19, 20] 

 
The integrated design contains the nuclear core, two 
interwoven helical coil steam generators (SG), and a 
pressurizer (PZR) within the reactor pressure vessel (RPV) 
and is housed in a steel containment vessel (CNV). The 
RPV is about 17.8 m long and 3.0 m in diameter. The core 
is surrounded by a stainless steel heavy neutron reflector 
which improves fuel utilization by preventing the neutrons 

radially escape from the core. The reflector also provides 
the core envelope and directs the flow through the core. 
 
The reactor core consists of an array of 37 half-height 
typical LWR fuel and 16 control rod assemblies followed 
by a riser tube, where two helical coil steam generators 
wrap around it. Feedwater is pumped into the tubes where 
it boils to generate superheated steam. Pressurizer heaters 
and sprays are located in the upper head of the vessel to 
provide pressure control. The modules are operated below-
grade level in a 28,000 m3 steel-lined pool of water, [21]. 
 
 
Fuel element and fuel assembly description 
To perform the proposed analysis, NuFuel HTP2™ was 
the iPWR type fuel assembly considered. 
 
The fuel assembly (FA) is arranged in 17 × 17 square lattice, 
with 21.4 cm width and 200 cm active height, as shown in 
Fig. 3, [21]. The shorter height is the only significant 
difference between the NuScale fuel assembly and other 
PWR fuel designs. Fuel assembly is supported by five 
spacer grids, 24 guide tubes, top and bottom sides of a 
nozzle, which together provide a structural framework for 
the 264 fuel rods. Each fuel assembly also includes a 
central instrumentation tube. 
 

 
Fig. 3. iPWR-type SMR fuel assembly, [21] 

 
The fuel elements constituting the iPWR type fuel 
assembly contain enriched uranium oxide up to 4.95% or a 
mixed oxide of uranium and gadolinium (with a 
concentration of up to 8%). 
 
Fig. 4 schematically presents the two types of FAs: one 
with uranium oxide and the other with mixed oxides of 
uranium and gadolinium. 
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Fig. 4. iPWR-type SMR Fuel Assembly fueled (DRAGON plots) 

 
 
Methodology and key parameters 
The first step in the neutronic analysis process involves, 
prior to performing any calculations, developing the model 
of the fuel pin, guide tube, and instrumentation tubes in a 
cubic lattice by using a lattice cell code called DRAGON. 
The fuel pin cell comprises a fuel rod with a radius of 
0.40575 cm, surrounded by helium gas and cladding made 
of M5 material [16], which has thicknesses of 0.00825 cm 
and 0.061 cm, respectively. The height of every iPWR type 
fuel pin cell is 200 cm. Fig. 5 displays the modelling of the 
fuel pin cell and the main data of fuel pin cell, [22, 23]. 
 

 

 
Fig. 5. DRAGON model for iPWR-type SMR fuel pin cell 

 
The guide tubes and instrumentation tube have identical 
geometries, despite each has different functions. A guide 
tube is a part of the structure designed to provide a channel 
for neutron absorber rods (control rods), burnable absorbers 
rods, and neutron source rods. An instrumentation tube is 
designed to provide a place for neutron detectors or in-core 
instrumentation and other measuring installation. These 
tubes were modeled in a similar manner to the fuel pin cell, 
but only replacing the fuel rod with water as additional 
neutron moderation. The model of these tubes and their 
composition are shown in Fig. 6.  
 

 

 
Fig. 6. DRAGON model for iPWR-type SMR  

guide and instrumentation tubes 
 
The next step is to model the iPWR type fuel assembly with 
the DRAGON code by constructing a 17×17 square lattice 
consisting of 264 fuel pins, 24 guide tube and one 
instrumentation tube cells.  
 
In Fig. 7, five different fuel assembly types consisting of 
UO2 and UO2+Gd2O3 fuel rod configurations are 
summarized. There are two concentrations of gadolinium in 
UO2+Gd2O3 mixed oxides fuel, namely 2% and 8% Gd2O3, 
the UO2 fuel enrichment in U235 being 4.55%. 
 
All neutronic calculations on the five fuel assemblies were 
carried out considering three different scenarios, namely:  
(i) standard operating conditions,  
(ii) perturbed fuel temperature and  
(iii) perturbed moderator temperature. 
 
In standard operating conditions, the temperature of the fuel, 
cladding, and moderator are set to 600°K, while in 
perturbed fuel temperature conditions, the fuel temperature 
increases from 600°K to 900°K, and the cladding and 
moderator temperatures are 600°K, respectively. The 
perturbed moderator temperature scenario consists of 
decreasing the moderator temperature from 600°K to 
300°K, while keeping the cladding and fuel temperatures at 
600°K. 
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Fig. 7. Considered fuel assembly configurations, DRAGON plots 

 
The main neutronic parameters considered in this paper 
were, as follows:  the infinite multiplication factor (kinf), 
the maximum discharge burnup (Bmax), and the reactivity 
coefficients of the fuel (Doppler effect, αT) and of the 
moderator (αTmod). 
 
As is known, the reactivity of an initially supercritical cell 
decreases with burning, due to the consumption of fissile 
isotopes and the accumulation of "poisons" (Xe, I), the cell 
becoming subcritical. The maximum burnup (Bmax) is 
defined as the burning degree for which the considered 
cell is still critical, kinf =1.0. It is determined by linear 
interpolation, following the method: B1 and B2 corresponding 
to k1 and k2 are established, for which k1 > 1 and k2 < 1, 
then calculate Bmax using formula: 
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Temperature coefficients are perceived as instantaneous 
disturbances obtained by changing the fuel or the 
moderator temperature. The Doppler effect is highlighted 
by the reactivity of the cell, when the fuel temperature 
changes from its standard value. To calculate the change in 
reactivity (Δρ) we should determine kinf value both for the 
reference and perturbed case (fuel temperature increased 
to 900°K). Fuel density was considered 10.54 g/cm3 for all 
scenarios. The coefficient of fuel temperature reactivity 
(αT) is calculated by using the following formulas: 
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Moderator temperature reactivity coefficient, (αTmod), is a 
measure of how the reactivity of a nuclear reactor changes 
depending on the moderator temperature variations. It was 
determined using the formulas given below: 
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where: Δρ - reactivity change, [Δk/k]; kref - multiplication 
factor at normal condition; kpert - multiplication factor at 
perturbed condition, fuel temperature is 900°K; kmod - 
multiplication factor at perturbed condition, moderator 
temperature is 900°K; αT - Doppler temperature coefficient 
reactivity [Δk/k/K]; αTmod - moderator temperature coefficient 
reactivity, [Δk/k/K]; ΔT - temperature change. 
 
For the iPWR type SMR, the temperature reactivity 
coefficients can vary based on the type of fuel and 
moderator, and other specific characteristics of the reactor. 
Overall, they are expected to be as small as possible to 
ensure system stability and nuclear reaction control. 
 
Criticality and neutronic safety parameters calculation for 
the iPWR type fuel assembly was done by means of the 
deterministic code DRAGON, using the IAEA’s nuclear 
data library on 172 neutron energy groups. 
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Main cell results and discussions 
In Fig.8, kinf evolution during the burnup is represented, for 
fuel assemblies containing 2% and 8% gadolinium oxide.  
 
For the fuel with 2% Gd2O3, the value of kinf at the 
beginning of the burnup ranged between 1.16 and 1.19, 
while kinf value ranged between 1.07 and 1.12 for the fuel 
with 8% Gd2O3. The lowest kinf value is associated to the 
reference assembly, Case_5_ref, the highest kinf value 

being obtained for the configuration referred to Case_3, 
for both poison concentrations, 2% and 8%. 
 
For all the fuel assemblies analysed, the value of Bmax 
ranged between 39500 and 39900 MWd/tHE. Increasing 
of the consumable poison amount led to a decrease in the 
maximum burnup by up to 0.9% for the fuel composition 
containing 8% Gd2O3 compared to the one containing only 
2% Gd2O3, as can be seen in Fig. 9. 

 

 
Fig. 8. Evolution of kinf with burnup for iPWR type fuel assemblies containing gadolinium oxide 

 

 
Fig. 9. Maximum burnup [MWd/tHE] 

 
The Doppler coefficient gives the change in reactivity per 
unit of temperature change that occurs in the fuel. To 
calculate the change in reactivity (Δρ), first the standard 
conditions are considered (temperature 600°K for the 
cladding, fuel, and moderator). Then calculations are 
carried out for the perturbed fuel temperature condition, 
where the fuel temperature is set to 900°K, while the 
cladding and moderator temperature is kept at 600°K. 
 

The results obtained for the Doppler coefficient αT are 
presented in Table 1. This table includes also the values of 
kinf calculated for the standard and perturbed conditions, 
and the calculated value of Δρ. 
 
The Doppler coefficient values for the fuel compositions 
with 2% Gd2O3 concentration were between -2.4291x10-5 
and -2.4368 x10-5, up to 1.5% lower in absolute value than 
the reference value. For the fuel compositions with 8% 
Gd2O3 concentration, the Doppler coefficient values were 
higher in absolute value by up to 9.5% compared to the 
Case_5_ref value. 
 
When the temperature of the moderator (water) increases, 
it becomes less dense and slows down fewer neutrons, 
leading to a decrease in the number of neutrons available 
for nuclear reactions. The corresponding results for the 
change of moderator temperature, namely the moderator 
reactivity coefficient, αTmod, are displayed in Table 2. 
 
The moderator reactivity coefficient values obtained for 
the fuel compositions with 2% Gd2O3 concentration vary 
between -9.67x10-7 and -1.55x10-6, while those for the fuel 
compositions with 8% Gd2O3 concentration vary in the 
range -4.05 x10-5 and -2.68 x10-5. 
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Table 1.  The Doppler coefficient for iPWR type fuel assemblies 

 kpert kref Δρ 
[Δk/k] 

T 
[Δk/k/K] 

kpert kref Δρ 
[Δk/k] 

T 
[Δk/k/K] 

 UO2 + 2% Gd2O3 UO2 + 8% Gd2O3 
Case_1 1.1683 1.1783 -7.2969x10-3 -2.432 x10-5 1.0809 1.0903 -7.9587 x10-3 -2.653 x10-5 

Case_2 1.1713 1.1814 -7.3105 x10-3 -2.437 x10-5 1.0917 1.1012 -7.9153 x10-3 -2.638 x10-5 

Case_3 1.1832 1.1935 -7.2708 x10-3 -2.424 x10-5 1.1132 1.1229 -7.7894 x10-3 -2.596 x10-5 

Case_4 1.1705 1.1806 -7.2873 x10-3 -2.429 x10-5 1.0866 1.0960 -7.9188 x10-3 -2.640 x10-5 

Case_5_ref 1.1550 1.1650 -7.3820E-03 -2.461 x10-5 1.0666 1.0748 -7.2060 x10-3 -2.402 x10-5 
 
 

Table 2.  The moderator reactivity coefficient for iPWR type fuel assemblies 

 kref kmod Δρ 
[Δk/k] 

Tmod 
[Δk/k/K] 

kref kmod Δρ 
[Δk/k] 

Tmod 
[Δk/k/K] 

 UO2 + 2% Gd2O3 UO2 + 8% Gd2O3 
Case_1 1.1683 1.1783 -7.2969x10-3 -2.432 x10-5 1.0809 1.0903 -7.9587 x10-3 -2.653 x10-5 

Case_2 1.1713 1.1814 -7.3105 x10-3 -2.437 x10-5 1.0917 1.1012 -7.9153 x10-3 -2.638 x10-5 

Case_3 1.1832 1.1935 -7.2708 x10-3 -2.424 x10-5 1.1132 1.1229 -7.7894 x10-3 -2.596 x10-5 

Case_4 1.1705 1.1806 -7.2873 x10-3 -2.429 x10-5 1.0866 1.0960 -7.9188 x10-3 -2.640 x10-5 

Case_5_ref 1.1550 1.1650 -7.3820E-03 -2.461 x10-5 1.0666 1.0748 -7.2060 x10-3 -2.402 x10-5 
 

The comprehensive results of the moderator temperature 
coefficient reactivity indicate negative values for all 
modelled fuel assemblies, and they fall within an 
acceptable range, [23]. Negative values for both moderator 
and fuel temperature coefficients are desirable because of 
its good self-regulating effect. 

The analysis carried out has shown that considering 
diverse configurations of integral burnable absorber fuel 
(UO2 + Gd2O3) within the iPWR type fuel assembly did not 
result in a notable variation for the main neutronic parameters 
considered: infinite multiplication factor (kinf), maximum 
discharge burnup (Bmax) and temperature reactivity coefficients. 

 
 

 
 

Conclusions 
A comparative neutronic analysis on the main parameters 
of interest at lattice cell level was presented in present 
work for iPWR type fuel assemblies containing enriched 
UO2 or mixed oxides of uranium and burnable poison, 
Gd2O3. To perform proposed analysis, the NuScale fuel 
assembly was selected. 
 
The neutronic cell calculations for the iPWR type fuel 
assembly were performed across three distinct scenarios 
(standard and perturbed) utilizing the deterministic code 
DRAGON code. The considered iPWR type fuel 
assembly, with Gd2O3 burnable absorber concentrations of 
2% and 8%, and featuring various loading pattern 
arrangements, was simulated using the code’s PSP module. 
 
The maximum burnup (Bmax) values ranged between 39500 to 
39900 MWd/tHE. The augmentation of the consumable 

poison quantity resulted in a reduction of the maximum 
burnup by up to 370 MWd/tHE compared to fuel 
compositions containing only 2% Gd2O3. 
 
The overall calculation results indicate that the temperature 
reactivity coefficients exhibit a relatively low discrepancy 
compared to the standard assumed, specifically ranging from 
-1.0% to -1.5% Δk/k/K for a 2% gadolinia concentration. 
However, the analysis performed for fuel compositions with 
8% Gd2O3 concentration reveals a greater difference when 
compared the temperature reactivity coefficients with the one 
associated to the standard fuel assembly, the differences being 
between -7.5% and -9.5% Δk/k/K. 
 
It was found that the different loading patterns arrangement of 
integral burnable absorber fuel (UO2 - Gd2O3) in the iPWR 
type fuel assembly did not significantly affect the main cell 
neutronic parameters. 
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