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After the Fukushima Daiichi nuclear accident in 2011, the performance of nuclear fuel during accidents became a matter of great
concern. To address this, a new type of fuel technology called accident-tolerant fuel (ATF) has been developed with the goal of
enhancing the ability of light water reactors (LWRs) to withstand severe accident conditions. Iron-based alloys have been
suggested as potential candidates for fuel cladding due to their favourable thermomechanical properties, lower reactivity with
steam, and lower hydrogen generation. This study evaluates the neutronic performance of C26M (a 2nd generation nuclear
grade FeCrAl alloy), APMT™, 310SS, and 304SS cladding materials by comparing them with Zircaloy-4 cladding in a 3D PWR
core at the beginning of the cycle (BOC) using OpenMC code. The results revealed that the neutronic penalty varied for
different alternative cladding materials where C26M exhibited the lowest neutronic penalty value of -12551 pcm, while 310SS
demonstrated the highest with a value of -17855 pcm. Additionally, important parameters in the reactor core such as neutron
spectrum, reactivity coefficients, boron worth, control rod bank worth, power distribution, and radial thermal neutron flux
distribution are evaluated and discussed. The analysis results showed that C26M provided a significantly higher level of
neutronic performance compared to APMT™, 304SS, and 310SS. Although this study primarily focused on the neutronic
performance of PWRs at BOC, future research should encompass fuel depletion analysis to delve deeper into the potential of
alternative cladding materials.

1. Introduction

Light water reactors (LWRs) are the most commonly used
nuclear reactors worldwide for the production of electricity
[1]. The heat generated by the nuclear fuel in LWRs is trans-
ferred to the water, surrounding the fuel cladding tubes,
resulting in the production of steam that drives turbines
for electricity generation. Therefore, the fuel cladding serves
as the main physical radiation protection barrier, effectively
preventing the release of radioactive materials from the
nuclear fuel into the water coolant. Choosing fuel cladding
materials must satisfy various design constraints, such as

low neutron absorption cross-section, reliable mechanical
properties at elevated temperatures and in high radiation
fields, sufficient thermal conductivity, and strong resistance
to corrosion when exposed to water.

For decades, the cladding materials used in LWRs are
typically made of zirconium-based alloys due to their out-
standing performance, reliability, and extensive industrial
experience. The popularity of these alloys can be attributed
to their favourable characteristics, such as reasonable corro-
sion resistance, relatively low neutron absorption cross-sec-
tion, good thermomechanical properties, and metallurgical
manufacturability [2–5]. The predominant material in the
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zirconium cladding is primarily zirconium, with a composi-
tion typically falling within the range of 97% to 99%. In
addition, small amounts of other elements such as Sn, Fe,
Cr, Nb, and Ni are incorporated to fine-tune and optimize
the specific desired characteristics. These elements improve
the alloy’s performance by enhancing properties like defor-
mation under stress (creep), expansion, corrosive effects,
and absorption of hydrogen. However, zirconium-based
alloys have limitations, particularly under severe accident
scenarios [2–5]. Under normal operating conditions of
nuclear reactors, zirconium-based alloys undergo a natural
corrosion process that results in the formation of zirconium
dioxide (ZrO2) on the metal surface. However, this corrosion
process accelerates when the alloy is exposed to high-
temperature steam, such as during a loss-of-coolant accident
(LOCA). The excess absorption of hydrogen beyond the sol-
ubility limit may lead to the formation of hydrides, which is
the primary cause of ductility loss [2–5]. If the temperature
reaches around 800°C, the cladding made of zirconium alloy
will expand and rupture, which can release fission products
into the primary coolant circuit. The exothermic reaction
between zirconium and steam can also significantly acceler-
ate when the temperature rises to about 1200°C, leading to
the release of a significant amount of combustible hydrogen
gas. These hydrogen gasses were responsible for the explo-
sions that caused damage to the reactor buildings at the
Fukushima Daiichi plant and contributed to the dispersion
of radioactive substances into the environment [6, 7]. Thus,
susceptibility to corrosion and hydrogen embrittlement are
the main limitations for Zr-based alloys that are historically
used as cladding materials.

In the aftermath of the Fukushima disaster in 2011, there
has been a pressing need for research and development
(R&D) of light water reactor (LWR) fuels to develop a new fuel
system (fuel, cladding, and related systems) that improves fuel
safety and reliability under accident conditions. This has led to
the development of accident-tolerant fuels (ATFs), which are
defined as fuels that can tolerate a longer period of loss of active
cooling in the core than the current fuel-cladding (UO2-Zirca-
loy) system, while maintaining or improving fuel perfor-
mance during normal operations and operational transients
[8]. There are three suggested approaches to enhance acci-
dent tolerance in the fuel and cladding of nuclear reactors [9]:

(1) Replacement or improvement of the current UO2
ceramic fuel

(2) Modifications to the current zircaloy cladding for
improved oxidation resistance, including coating
layer design

(3) Replacement of the current zircaloy cladding with alter-
native cladding materials that have high oxidation-
resistant properties

The development of alternative cladding materials for
LWRs has been a topic of interest in recent years. In addition
to the mechanical and metallurgical integrity constraints,
alternative cladding materials need also to satisfy the neu-
tronic design requirements such as criticality conditions,

desired power distribution and profiles, and reactivity perfor-
mance. Various studies have been conducted by researchers to
analyse the neutronic performance of the alternate cladding
materials in LWRs [10–13]. George et al. [10] have analysed
the reactivity for alternative cladding materials by changing
the cladding thickness, pellet diameter, and amount of
enriched uranium to improve the reactivity and cycle length
of the fuel. Also, the study showed results on the isotopic and
total plutonium inventory during fuel lifetime for alternative
cladding materials. Additionally, the study compares spectral
hardening between alternative cladding designs and a reference
Zircaloy-4 cladding case. This study used SCALE 6.1 code with
ENDF/B-VII.0 library to model 2D Standard PWR fuel assem-
bly (17 × 17). The alternate claddingmaterials examined in this
study were FeCrAl, SS-310, SS-304, and APMT™. The study
shows that replacing zirconium with iron-based alloy cladding
in PWR fuel pins leads to a neutronic penalty, especially for
austenitic stainless steels with nickel. Additionally, core reactiv-
ity can be improved for ferritic alloys by reducing cladding
thickness or increasing enrichment by approximately 1%,
whereas austenitic alloys may need higher enrichment, around
1.5%. Moreover, employing alternate cladding with higher
thermal neutron capture cross-section slightly enhances pluto-
nium breeding through spectrum hardening.

In another study by George et al. [11], parameter combi-
nations of enrichment and cladding thickness have been
determined to match the pressurized water reactor lifetime
for alternative cladding materials (FeCrAl, SS-310, and
SiC). They calculated reactivity coefficient, radial fission
power, plutonium breeding, and fuel pellet costs for each
design using SCALE 6.1 code with ENDF/B-VII.0 library
to model 2D Standard PWR fuel assembly (17 × 17). The
study demonstrates that using a thinner cladding (350μm)
allows austenitic stainless steels to require only a slight
increase (0.5wt %) in enriched 235U, while FeCrAl requires
a smaller increase (0.1%) to meet the specifications of the
fuel cycle. The analysis also shows closely similar reactivity
behaviours for coolant temperature and void perturbations
in each cladding material, with FeCrAl and 310SS cladding
leading to slightly elevated fission power near the pellet’s
periphery, thereby leading to an increased production of
239Pu. The economic evaluation demonstrates that the adop-
tion of FeCrAl alloys leads to a 15% rise in the production
expenses of fuel pellets, primarily attributed to the need for
higher enrichment and the utilization of thinner cladding.

Naceur and Marleau [12] evaluated the neutronic per-
formance of different materials including SS-304, SS-310,
FeCrAl, APMT™, and SiC in comparison to zirconium alloy.
They employed several calculations such as burnup, isotope
depletion, absorption rate ratios, spectral and spatial self-
shielding analyses, plutonium radial profile, and reactivity
perturbations. They utilized the DRAGON5 code to model
a typical CANDU-6 lattice. The study indicates a neutronic
penalty in iron and steel-based bundles caused by the signif-
icant thermal capture of nickel-59 and iron-56. To achieve
CANDU-6 burnup average criticality, ferritic and steel-
based claddings necessitate minimum enrichments of 1.0%
and 1.1%, respectively. Furthermore, reducing the cladding
thickness by 200μm allows meeting criticality requirements
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for all claddings with enrichments below 1%. SiC and Zr
bundles exhibit higher moderator and coolant temperature
coefficients, while FeCrAl, APMT™, 304SS, and 310SS clad-
dings display elevated Doppler and voiding effects during
mid-burnup.

Recently, Alhattawi et al. [13] investigated FeCrAl and SiC
claddingmaterials in the APR-1400 reactor. They carried out a
parametric evaluation of both fuel and cladding materials to
determine the geometry requirements necessary for achieving
the desired fuel reactivity at the end of the cycle. They then
compared their results with the standard APR-1400 reference
fuel-cladding system. The authors evaluated various parame-
ters, including fuel reactivity, thermal neutron spectrum, plu-
tonium inventory evolution, and pin power distribution when
different cladding materials were utilized. They used a 2D
model of a standard APR-1400 reactor fuel assembly to carry
out this study. The study indicates that the elevated absorption
cross-section values in FeCrAl cladding led to a decrease in
Keff values over the cycle, but an increase in fuel enrichment
can effectively mitigate the neutronic penalty.

The studies cited above, and others, have evaluated alter-
native cladding materials focusing mainly on fuel pin and
assembly models to assess the performance of alternative
cladding materials in LWRs. However, these models were
mostly simplified in 2D models. Detailed designs are imper-
ative to validate these preliminary studies. Moreover, beyond
fuel and cladding materials, other core components, such as
control rods, must be considered to evaluate alternative clad-
ding materials for safety and to ensure accurate neutronic
calculations. In addition, prior studies did not account for
alternative materials in grid spacers. Accurate neutronic cal-
culations are vital for reactor safety [14]. The spacer grid in
fuel assemblies provides essential support to fuel rods [14].
Its inclusion in modelling is crucial to evaluate alternative
cladding materials, which impacts neutronic performance
and aids in selecting materials for improved reactor safety
and efficiency. Furthermore, previous studies on the evalua-
tion of the performance of alternative cladding materials uti-
lized various tools such as Serpent, SCALE 6.1, and MCNPX
codes and various benchmarks like APR-1400, VERA, and
AP1000. They focused on different and separate aspects in
the study of alternative materials, such as neutronic penal-
ties, design modifications, the worth of control rods, and
boron concentration. Furthermore, previous studies did not
cover the recently developed and optimized alloy of FeCrAl
with improved mechanical properties, resulting in limited
studies of the neutronic performance of such new alloys.

In this study, we utilized the BEAVRS benchmark to eval-
uate alternative cladding materials, employing the OpenMC
code for modelling and analysing neutrons in the assessment
of alternative cladding materials. Both the BEAVRS bench-
mark and the OpenMC code are open source, enhancing the
accessibility and extendibility of our study. This contribution
is vital to the overall importance of the topic by facilitating fur-
ther exploration and collaboration in the scientific commu-
nity. Furthermore, the diversity in using benchmarks and
codes in evaluating alternative cladding materials offers more
comprehensive insights, enhancing the output extracted from

various research studies. Neutron calculations will be con-
ducted to investigate how alternative cladding materials
including newly developed materials behave in a 3D full
PWR core at the beginning of the cycle (BOC). First, the reac-
tivity penalty of alternative cladding materials will be calcu-
lated in cases where only the cladding material or both the
cladding and grid spacers are substituted with alternative
materials. Second, a parametric study of both fuel and clad-
ding materials will be performed to overcome the reactivity
penalty of alternative claddingmaterials andmatch the perfor-
mance of Zircaloy-4 cladding. Third, the study will assess the
impact of changing the material and the modified fuel rods
on different parameters, including the neutron spectrum, reac-
tivity coefficients, boron worth, control rod bank worth, power
distribution, and thermal neutron flux distribution, when
using different cladding materials.

2. Methodology

2.1. Austenitic Steels and Ferritic Alloys. In this study, two
types of iron-based alloys were investigated, namely, two aus-
tenitic stainless steels (hereafter refer as 310SS and 304SS) and
two ferritic alloys (hereafter refer as C26M alloy and commer-
cial APMT™ alloy (FeCrAlMo)). Table 1 shows the chemical
compositions for the C26M (Fe-12Cr-6Al-2Mo-0.2Si-0.03Y),
APMT™, 310SS, and 304SS cladding materials employed in
this study.

Type 304SS was chosen as a case study due to its historical
use as a cladding material in the early decades of nuclear reac-
tors [15], even though it does not offer exceptional oxidation
resistance at high temperatures [16]. Type 310SS, on the other
hand, has higher chromium and nickel contents, which makes
it more resistant to high-temperature steam oxidation by
forming a protective Cr2O3 scale [17]. Ferritic alloys were
selected as the cladding material under investigation due to
their excellent high-temperature steam oxidation, corrosion
performance, and high-temperature strength [18]. With a
significant aluminium content, ferritic alloys generate a pro-
tective Al2O3 layer during high-temperature oxidation that
possesses greater strength than the layer formed in austenitic
steels [17, 19]. Similar to Cr2O3, Al2O3 has lower permeability
compared to ZrO2, resulting in significantly enhanced
oxidation properties, especially in the presence of high-
temperature steam [19]. This study is involving also the
recently developed and optimized alloy of FeCrAl C26M,
which is a 2nd generation FeCrAl alloy with a nominal com-
position of Fe-12Cr-6Al-2Mo-0.2Si-0.03Y with improved
mechanical properties and limited studies of neutronic perfor-
mance of such new alloy [20].

The primary drawback of iron-based alloys is their neu-
tron absorption cross-section, which is significantly higher
(about fifteen times) than that of zirconium alloys, as shown
in Figure 1. This results in a fuel enrichment penalty. Table 2
presents the cladding materials examined in this study along
with their density and macroscopic thermal neutron absorp-
tion cross-section ∑therm

abs taken at a neutron energy of
0.025 eV.

Iron-based alloys have higher strength than zirconium
alloys and are less susceptible to cladding thickness loss
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due to corrosion under normal operating conditions, allowing
for a reduction in cladding thickness and an increase in pellet
size (assuming a constant pitch-to-diameter ratio (P/D)) [11].

Previous studies on iron-based cladding [15] indicated that
achieving comparable fuel cycle lengths to zirconium alloy-
clad fuel assemblies in LWRs involved implementing strate-
gies such as decreasing cladding thickness, enhancing fuel
enrichment, and elevating fuel stack heights.

2.2. BEAVRS Benchmark Description. The BEAVRS bench-
mark provides an extensive set of information needed to
construct the neutronic calculation model of a commercial
pressurized water reactor (PWR) core [21]. This information
includes detailed geometry and material specifications for
the pin cell types, fuel assembly design, and core, with both
the radial and axial geometry [23]. For pin cells, the specifi-
cations include fuel pins, burnable poisons, guide tubes, and
instrument tubes. Furthermore, the benchmark provides

Table 1: Alternative cladding material compositions.

wt %
Cladding material

Zircaloy-4 C26M APMT™ 304SS 310SS

Fe 0.21 79.42 69.79 71.35 52.5

Cr 0.1 12.2 21.6 18.9 25.2

Al 6.1 4.9

Zr 98.115 0.1

Ni 8.35 19.5

Sn 1.45

Mn 0.7 1.9

Mo 2.04 2.8 0.27 0.13

Y 0.04 0.12

Si 0.2 0.53 0.42 0.7

Hf 0.16

O 0.125

Ref. [21] [20] [10]
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Figure 1: Macroscopic neutron absorption cross-sections for several cladding material options by OpenMC.

Table 2: Alternative cladding density and average thermal
absorption cross-section.

Material Density (g/cm3) ∑therm
abs cm−1 a Ref.

Zircaloy-4 6.55 0.00903 [21]

C26M 7.2 0.19549 [22]

APMT™ 7.3 0.20936

[10]304SS 7.9 0.24723

310SS 8.03 0.27957
aMacroscopic thermal neutron absorption cross-section by OpenMC.
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information on the upper and lower structures of the reac-
tor, encompassing various aspects such as plenum regions,
end plugs, upper and lower nozzles, and support plates
[23]. Fuel assembly specifications cover the locations of
burnable absorbers within guide tubes and grid spacers
[23]. The core loading pattern includes assemblies with dif-
ferent fuel enrichment, burnable poison rods, incore instru-
ments, and control rod bank. The benchmark also includes
information on in-vessel structures like the baffle plate, core
barrel, four neutron shield panels, the reactor pressure ves-
sel, and liner [21]. Figures 2 and 3 depict the core arrange-
ment presentation, providing an overview of various key
elements as obtained from the BEAVRS benchmark [21].
These include the enrichment of U-235, the distribution of
burnable absorbers, control rod banks, and shutdown banks
in terms of their number and specific locations within the
core, as well as the positioning of instrument tubes.

The main specifications of the BEAVRS benchmark are
provided in Table 3; for a detailed description of the BEAVRS
benchmark, the reader may refer to [21]. The benchmark also
includes data on operational conditions and measurement
results for validation, such as in-core detector signals and reac-
tor physics test results for cycles 1 and 2.

The BEAVRS benchmark is an important tool for
improving the accuracy and reliability of the neutronic cal-
culation of PWRs. By providing a standardized framework

for evaluating and comparing different codes and models,
it enables researchers and developers to identify areas where
improvements can be made. This can lead to more accurate
and reliable neutronic calculation, which can in turn
enhance the safety and efficiency of PWRs.

2.3. OpenMC 3D Core Model. OpenMC is a code designed
for Monte Carlo neutron and photon transport simulation.
It has the ability to conduct fixed source, k-eigenvalue, and
subcritical multiplication calculations on models that are
built utilizing either constructive solid geometry or CAD
representation [24]. OpenMC has the capacity to handle both
continuous-energy and multigroup transport. The particle
interaction data in a continuous-energy format is derived from
a native HDF5 structure, which has the capability to be
generated from the ACE format employed in the MCNP and
Serpent code. Parallelism is made possible through a hybrid
MPI and OpenMP programming model. OpenMC code has
been created by the Computational Reactor Physics Group
(CRPG) members at the MIT in 2011. But it is now being
developed by a diverse group of universities, laboratories,
and other organizations [24]. The OpenMC is an open-
source code that can perform high-performance and precise
calculations for k-eigenvalue, burnup rate, fission rate, and
flux distribution, [25]. The code can be written using either
Python or the C/C++ language.
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Figure 2: Enrichment loading pattern and number and positions of the burnable absorber in cycle 1 [21].
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A detailed 3D core of the benchmark design was mod-
elled using the OpenMC Code and the Evaluated Neutron
Data File library, ENDF/B-VII.1 [26]. The model was pre-
pared to include all the details provided in the BEAVRS
benchmark [21]. Initially, the fuel rods, guide tubes, instru-
ment tubes, burnable absorbers, and control rods were
modelled with different axial zones. Then, these models were
used to create fuel assemblies in a 17 × 17 array of pins for
the initial core, according to fuel enrichment, presence of
burnable absorbers, guide tubes, and instrument tube. Addi-
tionally, each fuel assembly model had eight grid spacers,
with the middle six consisting entirely of Zircaloy-4 and
the top and bottom spacers consisting of a Stainless Steel
304 (SS304) sleeve with Inconel internal structures.

Finally, the fuel assembly models were used to create the
3D BEAVRS core model, which includes 193 fuel assemblies
loaded in a 15 × 15 array according to the loading pattern. In
addition to the fuel assemblies, the 3D model also includes
the baffle, barrel, neutron shielding panel, and vessel. The
baffle is a structure that surrounds the core to direct the flow
of coolant, while the barrel is a cylindrical structure that sup-
ports the fuel assemblies. The neutron shielding panel is a
layer of material that absorbs neutrons to prevent them from
escaping the core, and the vessel is a container that holds the
coolant and provides structural support for the core. The
detailed modelling of these components allows for a more
accurate simulation of the behaviour of the core under
different conditions.

In order to achieve precise and accurate results from the
OpenMC code, it is important to evaluate the convergence of
the fission source distribution. This convergence is evaluated
by utilizing the Shannon entropy, as defined in Equations (1)
and (2) [27], to monitor the source distribution.

Si =
Source sites in ithmesh element
Total number of source sites

, 1

H = −〠
N

i=1
Si log2Si, 2

where Si is the fraction of source sites that are present in
each mesh element which is a structured mesh over the
geometry that contains all fissionable materials. H is the
Shannon entropy, i is the mesh element, and N is the num-
ber of mesh elements. If the source is well-distributed, there
should be a consistent statistical constancy of the Shannon
entropy throughout the generation cycle. This constancy
can help identify the precise number of cycles that must be
skipped. A useful approach to identify the skipping of cycles
is to plot the Shannon entropy against the cycle number.

In this work, The OpenMC simulation runs were per-
formed on a Windows computer (Intel Xeon E5-2670 @
2.3GHz) 48-core processors. A total of 400 million particles
were used with 200 inactive cycles, 2000 active cycles, and
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200,000 particles. The generation of plots and data postproces-
sing was carried out using the Python programming language.

2.4. Study Procedure. The study encompassed four main
steps to assess alternative cladding materials for their appli-
cability in nuclear fuel rods. The procedure involved (1) val-
idating the accuracy and reliability of the 3D core model, (2)

quantifying the reactivity penalty associated with the use of
alternative cladding materials, (3) conducting a comprehen-
sive parametric study to optimize both fuel and cladding
materials, aiming to overcome the reactivity penalty of
alternative cladding materials and match the performance
of Zircaloy-4 cladding, and (4) analysing the impact of dif-
ferent cladding materials and modified fuel rods on various
crucial parameters, such as neutron spectrum, reactivity
coefficients, boron worth, control rod bank worth, power dis-
tribution, and thermal neutron flux distribution. A visual rep-
resentation of the study procedure is presented in Figure 4,
and a detailed description for each step is given below.

2.4.1. Validation of 3D Reactor Core of BEAVRS Model. The
first step of the study is the validation of the 3D core model
using OpenMC by comparing the results with the measured
values of the BEAVRS benchmark. The purpose of the first
step is to ensure the validity of the 3D core model and the
accuracy and reliability of neutronic calculation before
beginning the alternative cladding material assessment. In
the first step, the effective multiplication factor (Keff ) was
calculated for various control bank insertions and corre-
sponding boron concentrations at the HZP core during cycle
1, based on the benchmark for each problem as well as the
control rod bank worth for D bank. Tables 4 and 5 provide
problems used for testing criticality and control rod bank
worth at BEAVRS cycle 1 HZP, respectively.

Equation (3) [28] is used to estimate the difference in
reactivity (Δρ) between calculated and reference values.
Additionally, Equation (4) [29] is utilized to determine the
worth of the rod bank. To calculate the control worth for
the bank, all control rods in the bank are fully withdrawn
and all control rods for the same bank are fully inserted.

Δρ pcm =
1

Kreference values
−

1
Kcalculated values

× 105, 3

ρ pcm =
1
kout

−
1
kin

× 105 4

2.4.2. Neutronic Assessment for Alternative Cladding Materials.
The reactivity was a parameter used to evaluate the neutronic
performance for alternative cladding materials. The evaluation
process involved comparing the performance of these alterna-
tive materials against Zircaloy-4 as the reference case. The
evaluation was conducted using the 3D reactor core of the
BEAVRS model. The study focused on assessing the perfor-
mance of the cladding materials with the beginning of the cycle
(fresh fuel) during normal operation, without addressing the
issue of fuel depletion. All calculations were performed with a
supercritical core.

The reference case is the specification of the BEAVRS
benchmark, in which cladding thickness is 571.5μm and
enrichments are 1.6, 2.4, and 3.1 w/o U-235 for fuel types
1, 2, and 3, respectively. Throughout this study, the boron
concentration is equal to 378 ppm as an average value during
the first cycle for BEAVRS [30] and all control rods are fully
withdrawn (ARO). The temperatures of the fuel, clad, and
moderator were set as 900K, 600K, and 580K, respectively.

Table 3: The main specifications of the BEAVRS benchmark [21].

Core

Thermal power 3411MWth

Operating pressure 15.5MPa

Fuel assembly

Number of fuel assemblies 193

Fuel assembly design 17 × 17
Assembly pitch 21.50364 cm

Active fuel length 365.76 cm

Number of fuel rods 264

Fuel rod

Pellet material UO2

235U enrichment
1.6 wt % (fuel type 1), 2.4 wt %

(fuel type 2), 3.1 wt % (fuel type 3)

Fuel density for 1.6/2.4/
3.1 wt %

10.31341/10.29748/10.30166 g/cm3

Pellet radius 0.39218 cm

Cladding material Zircaloy-4

Cladding inner radius 0.40005 cm

Cladding outer radius 0.45720 cm

Rod pitch 1.25984 cm

Control

Number of control rod
banks

57

Control rod material
(upper region)

B4C

Control rod material
(lower region)

Ag-In-Cd

Number of burnable
poison rods in core

1266

Burnable absorber
material

Borosilicate glass

Grid spacer

Number of spacer grid 8

Top/bottom grid spacer
material

Inconel 718

Top/bottom grid sleeve
material

SS304

Intermediate grid spacer
and sleeve material

Zircaloy-4

Structure material

Baffle SS304

Core barrel SS304

Neutron shield SS304

Pressure vessel liner SS304

Pressure vessel Carbon steel 508
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(1) Reactivity Penalty of Alternative Cladding Materials.
Initially, the reactivity of alternative cladding materials was
calculated to evaluate their performance in the reactor core
for two cases. In the first case (B-1-1), only the cladding
material was changed to alternative materials. In the second
case (B-1-2), both the cladding and grid spacer materials
were replaced with alternative materials. The purpose of
these two cases was to analyse the effect of the change in
reactivity of the core for the cladding alone and for the
cladding with grid spacers.

N
eutronic assessm

ent for alternative cladding m
aterials

Reactivity penalty of alternative cladding materials

Quantifying the reactivity penalty associated with the use of alternative
materials in cladding & grid spacers based on:

Keff

Parametric study matching reactivity of reference Zircaloy-4

Conducting parametric study for optimizing the alternative materials based on:

Thickness Enrichment

Neutronics analysis of reactor parameters

Analyzing the impact of using alternative materials only (scenario 1) and the
combined impact of using alternative materials and the enrichment and

geometry optimization (scenario 2) based on:

Neutron
spectrum

Reactivity
coefficients

Power dist.

Boron worth

Thermal
neutron dist.CR worth

Validation of 3D reactor core of BEAVRS mode

Comparing the results with the measured values of BEAVRS benchmark based on:

Keff CR worth

Figure 4: Flowchart of study procedure.

Table 4: Problems with different control rod statuses and boron
concentration.

Problem Configuration Boron concentration (ppm)

A-1-1 ARO (all rods out) 975

A-1-2 D in 902

A-1-3 C, D in 810

A-1-4 B, A, D, C in 686

A-1-5 SD, SC, SE, D, C, B, A in 508
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Equation (5) was used to estimate the difference in reac-
tivity (Δρ) between the alternative cladding materials and
the Zircaloy-4 cladding, which represents the reactivity pen-
alty of the alternative cladding materials.

Δρ pcm =
1

Kreference cladding
−

1
Kalternative cladding

× 105

5

(2) Parametric Study Matching Reactivity of Reference Zirca-
loy-4. Next, multiple iterations of simulation were conducted
to overcome the reactivity penalty of alternative cladding
materials and match the performance of Zircaloy-4 cladding
at the beginning of the cycle. Specifically, for each alternative
cladding material, three cases of interest were examined in
order to overcome the reactivity penalty. In each of these
cases, both the cladding and grid spacer materials were
replaced with alternative cladding materials.

The first case (B-2) maintained the thickness of alterna-
tive cladding materials as same in the reference case while
increasing the enrichment level of U-235. To maintain the
design basis parameters, the fuel type 3 is raised by 0.1 incre-
ment, and the enrichments of fuel types 1 and 2 are also
increased with keeping the same ratio of enrichment
between the three fuel types as in the reference case [31].

The second case (B-3) maintained the enrichments of
fuel types 1, 2, and 3 as same in the reference case while
decreasing the thickness of alternative cladding materials.
This allows for increased heavy metal loading to overcome
the reactivity penalty.

For the third case (B-4), the thickness of alternative
cladding materials was set to a reasonably conservative value
of 350μm [32] while increasing the enrichment level of
U-235 to identify combinations that overcame the reactivity
penalty. Case 3 takes into consideration that it should not
exceed the value of 5% of the enrichment level of U-235,
referring to international practices for light water reactors
(LWRs) [33] and reduced cladding thickness to 350μm
which is consistent with historic utilization of iron-based
alloys as fuel cladding in LWRs [15, 19]. Also, it is considered
that fuel type 3 is raised by 0.1 increment, and the enrich-
ments of fuel types 1 and 2 are also increased with keeping
the same ratio of enrichment between the three fuel types
as in the reference case [31]. The outer rod diameter of

Table 5: Control rod worth problem.

Problem Rod Inserted rod Boron concentration (ppm)

A-2-1 D ARO 902

Table 6: Case B-2: increase of U-235 enrichment level.

Problem
Increase of U-235
enrichment (%)

Fuel
type 1

Fuel
type 2

Fuel
type 3

B-2-1 1.30% 2.28% 3.41% 4.40%

B-2-2 1.40% 2.34% 3.48% 4.50%

B-2-3 1.50% 2.39% 3.56% 4.60%

B-2-4 1.60% 2.44% 3.64% 4.70%

B-2-5 1.70% 2.49% 3.72% 4.80%

B-2-6 1.80% 2.54% 3.79% 4.90%

B-2-7 1.90% 2.60% 3.87% 5.00%

B-2-8 2.00% 2.65% 3.95% 5.10%

B-2-9 2.10% 2.70% 4.02% 5.20%

B-2-10 2.20% 2.75% 4.10% 5.30%

Table 7: Case B-3: decrease of cladding thickness.

Problem Cladding thickness (μm)

B-3-1 (ref) 570.1

B-3-2 550

B-3-3 500

B-3-4 450

B-3-5 400

B-3-6 350

B-3-7 300

B-3-8 200

B-3-9 100

Table 8: Case B-4: combinations of decreased cladding thickness
and increased enrichment level of U-235.

Problem
Increase of U-235
enrichment (%)

Fuel
type 1

Fuel
type 2

Fuel
type 3

B-4-1 0.60% 1.92% 2.86% 3.70%

B-4-2 0.70% 1.97% 2.94% 3.80%

B-4-3 0.80% 2.03% 3.02% 3.90%

B-4-4 0.90% 2.08% 3.10% 4.00%

B-4-5 1.00% 2.13% 3.17% 4.10%

B-4-6 1.10% 2.18% 3.25% 4.20%

B-4-7 1.20% 2.23% 3.33% 4.30%

B-4-8 1.30% 2.28% 3.41% 4.40%

Table 9: Boron concentrations.

Problem Configuration Boron concentration (ppm)

B-5-1

ARO

1000

B-5-2 500

B-5-3 378

B-5-4 0

Table 10: Different control rod statuses.

Problem Configuration Boron concentration (ppm)

B-6-1 ARO

378B-6-2 D in

B-6-4 All rod in
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0.9144 cm was fixed in all cases to maintain a fuel rod pitch-
to-diameter ratio (P/D) of 1.37. This was done to ensure that
the thermal hydraulics of the PWR system would not
undergo significant changes upon commercialization [19].
Also, a pellet-cladding gap of 0.00787 cm is fixed in all cases
[19]. Tables 6–8 present the problems for case B-2, case B-
3, and case B-4, respectively.

(3) Neutronic Analysis of Reactor Parameters. After the para-
metric study was conducted, the effects of utilizing alterna-
tive cladding materials were evaluated on various factors,
including the neutron spectrum, two reactivity coefficients
(fuel temperature coefficient (FTC), moderator temperature
coefficient (MTC)), boron worth, control rod bank worth,
power distribution, and thermal neutron flux distribution.

Grid 1

Grid 2

Grid 3

Grid 4

Grid 5

Grid 6

Grid 7

Grid 8

Fuel rod

Control rods
Upper support 

Upper plenum 

Core baffle
Core barrel
Pressure vessel

Fuel

Neutron shield

Lower support 

Guide tube Instrument tube

Burnable absorber

(a) (c)

(b)

Figure 5: (a) Scale view of row 8 core axial cross-section, with highlighted grid simulated by OpenMC. (b) Scale view of grid 5 center core
radial cross-section displaying radial structures and enrichment loading pattern. In this view, stainless steel is represented in black, carbon
steel in dark gray, borated water in light blue, and the regions with 1.6, 2.4, and 3.1 w/o U235 are depicted in red, yellow, and dark blue,
respectively. (c) Scale view of grid 5 center assembly-L8 radial cross-section indicating fuel rods, guide tubes, instrument tube, and
burnable absorbers. Gray denotes zircaloy, green denotes burnable absorber, and white denotes air.
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The effects of using alternative cladding materials were
examined based on two scenarios. Scenario 1 examined the
impact of using alternative cladding materials while keeping
the enrichment and geometry of the fuel rods as specified in
the reference case. Meanwhile, scenario 2 evaluated the com-

bined impact of using alternative cladding materials and
modifications to the enrichments and geometry of the fuel
rods required to overcome the reactivity penalty and achieve
performance comparable to Zircaloy-4.

The FTC is a measure of the change in reactivity per one
Kelvin variation in fuel temperature. It is calculated accord-
ing to the following equation [34]:

Δρ

ΔT
=

keff T2 − keff T1
keff T1 × keff T2 × T2 − T1

× 105
pcm
k

, 6

where T1 and T2 are two fuel temperatures, while
keff (T1) and keff (T2) are corresponding criticality values.
The FTC is expressed in units of pcm per K. T1 and T2 were
set to 900K and 1000K, respectively.

The MTC is a parameter that quantifies the impact of
changes in reactor coolant temperature on reactivity. It is
defined as the change in reactivity per one Kelvin change
in moderator temperature. It is calculated using Equation
(6), where T1 and T2 are two moderator temperature values,
keff (T1) and keff (T2) are corresponding criticality values.
The MTC is expressed in units of pcm per K. T1 and T2 were
set to 580K and 600K, respectively. The densities of water at
the given temperatures have been derived from Lemmon
et al. [35]. The density of water at T1 was found to be
0.7119 g/cm3, while at T2, it was 0.66118 g/cm

3.
The boron worth (BW) is calculated as the change in

reactivity per one ppm change in the soluble boron concen-
tration, using the following equation [34]:

Δρ

ΔBC
=

kef f B2 − kef f B1

kef f B1 × kef f B2 × B2 − B1
× 105

pcm
ppm

, 7

where B1 and B2, two boron concentrations, keff (B1), and
keff (B2) are corresponding criticality values. Table 9 presents
the varying concentration of boron in the moderator,
ranging from 0 to 1000ppm.

Table 11: Results of Keff for different control rod statuses and boron concentration.

Configuration Boron concentration (ppm)
Keff Δρ (pcm)

Measurement OpenMC

ARO (all rods out) 975 1.00000 1 00014 ± 0 00004 14

D 902 1.00000 1 00176 ± 0 00004 176

C, D 810 1.00000 1 00088 ± 0 00004 88

B, A, D, C 686 1.00000 0 99921 ± 0 00004 -79

SD, SC, SE, D, C, B, A 508 1.00000 0 99766 ± 0 00004 -235

Table 12: Control rod worth for D bank.

Configuration Boron concentration (ppm)
Keff Measurement (pcm) OpenMC (pcm)

In Out

D in 902 1 00176 ± 0 00004 1 00958 ± 0 00004 788 773

Table 13: Case B-1-1: neutronic penalty for changing only the
cladding material.

Problem Material Keff Δρ-penalty (pcm)

B-1-1-A Zircaloy-4 1 07248 ± 0 00004 —

B-1-1-B C26M 0 95222 ± 0 00004 -11776

B-1-1-C APMT™ 0 93523 ± 0 00004 -13684

B-1-1-D 304SS 0 92590 ± 0 00004 -14761

B-1-1-E 310SS 0 90875 ± 0 00004 -16799

Table 14: Case B-1-2: reactivity penalty for changing the cladding
and grid spacer material.

Problem Material Keff Δρ-penalty (pcm)

B-1-2-A Zircaloy-4 1 07248 ± 0 00004 —

B-1-2-B C26M 0 94524 ± 0 00004 -12551

B-1-2-C APMT™ 0 92734 ± 0 00004 -14594

B-1-2-D 304SS 0 91787 ± 0 00004 -15706

B-1-2-E 310SS 0 90012 ± 0 00004 -17855

Table 15: The enrichment increase required to overcome the
penalty observed at Case B-2 for alternative cladding materials.

Material Fuel type 1 Fuel type 2 Fuel type 3

Zircaloy-4 1.61006% 2.39993% 3.10221%

C26M 2.37263% 3.53661% 4.57151%

APMT™ 2.51952% 3.75556% 4.85453%

304SS 2.57770% 3.84228% 4.96663%

310SS 2.72390% 4.06021% 5.24832%
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The control rod bank worth is calculated by considering
the difference in criticality. It is computed using Equation
(4), and Table 10 presents problems for different configura-
tion banks.

3. Results and Discussion

3.1. Validation of 3D Reactor Core of BEAVRS Model. The
3D reactor core of the BEAVRS model was simulated using
the OpenMC Code, along with the Evaluated Neutron Data
File library ENDF/B-VII.1 [26]. The temperature values for
the fuel, cladding, coolant, and structural materials were
set at 566K. Fuel enrichments were 1.6, 2.4, and 3.1wt %
with an exterior fuel pellet radius of 3.9218mm, helium
gap of 78.7μm, and cladding thickness of 571.5μm. It is
important to note that this model was developed based on
the hot zero power (HZP) condition for validation pur-
poses. Any modifications made to the model for assessing

alternative cladding materials are described in the method-
ology section.

The 3D BEAVRS core model generated by OpenMC is
illustrated in Figure 5. To ensure the convergence of the neu-
tron source, a source convergence test was conducted utiliz-
ing the Shannon entropy. Figure 6 indicates that excluding
200 cycles is necessary to obtain reliable results. The multi-
plication factor and control bank worth were calculated
using OpenMC. These calculated values were then com-
pared to the measured values obtained from the BEAVRS
benchmark [21] to assess their accuracy and reliability.

3.1.1. Effective Multiplication Factor. The calculation of
effective multiplication factors (Keff ) was carried out for
various control bank insertions and corresponding boron
concentrations at the HZP core during cycle 1, based on
the benchmark for each case [21]. The Keff values obtained
are presented in Table 11, indicating that the BEAVRS
model has demonstrated a satisfactory level of accuracy in
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predicting the multiplication factor for each case. In terms of
deviation values, the ARO (all rods out) case demonstrated a
lower value, whereas the A, B, C, D, SE, SD, and SC cases
exhibited a higher value, indicating a difference of 14 and
-235 pcm, respectively. It can be inferred that the model is

reliable in predicting Keff values, thereby providing a useful
tool for evaluating the performance of nuclear reactors.

3.1.2. Control Rod Bank Worth. Using Equation (4) to
determine the control rod bank worth, the criticality was

Table 16: The enrichment increase required to overcome the penalty observed at 350μm for alternative cladding materials.

Material Fuel type 1 Fuel type 2 Fuel type 3 Thickness (μm) Keff Δρ (pcm)

Zircaloy-4 1.61006% 2.39993% 3.10221% 571.5 1 07248 ± 0 00004 —

C26M 2.02932% 3.02487% 3.91002% 350 1 07252 ± 0 00005 3

APMT™ 2.11790% 3.15691% 4.08071% 350 1 07252 ± 0 00005 3

304SS 2.15702% 3.21521% 4.15607% 350 1 07255 ± 0 00005 6

310SS 2.24715% 3.34957% 4.32974% 350 1 07256 ± 0 00005 7
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compared between the configuration where all rods were
withdrawn and the one where all control rod banks were
inserted to calculate the control worth for bank D.
Table 12 presents the resulting control worth for bank D,
which showed a considerable agreement with the actual
values, with only a slight difference of 15 pcm.

3.2. The Neutronic Penalty of Alternative Cladding Materials.
The OpenMC code was used to simulate two cases, B-1-1
and B-1-2, which have the same parameters and dimensions
except for changes in the cladding material type in B-1-1 and
changes in both the cladding and grid spacer material in
B-1-2. Table 13 shows the neutronic penalty resulting from
the use of different materials due to the thermal neutron
absorption cross-section. The lower and higher values of the
neutronic penalty were observed for C26M and 310SS, respec-
tively, with thermal neutron absorption cross-sections of 0.19
and 0.28 cm-1. However, a significant drop in fuel reactivity
was observed for various claddingmaterials, leading to amajor
reduction in the operational fuel-cycle length. Table 14 illus-
trates a slight increase in the neutronic penalty due to the
change in grid spacer material, with values of -775, -910,
-945, and -1056pcm observed for C26M, APMT™, 304SS,
and 310SS, respectively. As per reference [10], the predicted
behaviour of penalty during depletion condition could poten-
tially decrease due to neutron spectrum hardening. This hard-
ening of the neutron spectrum results from fuel depletion,
which leads to an overall increase in reactivity through an
increased inventory of plutonium. Thus, the reactivity penalty
that is noticed at the beginning of the cycle can undergo a
significant reduction by the end of the cycle.

3.3. Parametric Study Matching Reactivity of Reference
Zircaloy-4. To overcome the reactivity penalty associated
with alternative cladding materials and match the perfor-
mance of Zircaloy-4 cladding at the beginning of the cycle,
modified fuel rod geometries or increased fuel enrichment

are necessary. Therefore, multiple iterations of simulations
were conducted for alternative cladding materials to determine
the appropriate enrichments and geometry for the fuel rods
based on the three cases mentioned in the methodology section.

The case B-2 considered in this work is an increase in the
U-235 enrichment level while keeping the thickness of the
alternative cladding materials the same as the reference case.
Table 15 illustrates the enrichment increase required to
overcome the penalty observed at the beginning of the cycle.
Raising the uranium enrichment level can cause various
impacts on activities throughout the nuclear fuel cycle,
beginning with nuclear fuel fabrication and extending
through the storage and transportation of both fresh and
irradiated fuel. Additionally, if the enrichment level exceeds

Table 17: The FTC and MTC of reactivity calculation for
scenario 1.

Material FTC (pcm/K) MTC (pcm/K)

Zircaloy-4 -2.09 -28.25

C26M -2.12 -42.59

APMT™ -2.13 -47.33

304SS -2.24 -46.08

310SS -2.23 -49.88

Table 18: The FTC and MTC of reactivity calculation for
scenario 2.

Material FTC (pcm/K) MTC (pcm/K)

Zircaloy-4 -2.09 -28.25

C26M -1.91 -38.26

APMT™ -2.02 -40.73

304SS -2.03 -39.27

310SS -2.06 -40.47
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5.0%, all fuel cycle facilities will need to comply with a new
licensing requirement. The reactivity required to compen-
sate for the loss due to neutron absorption as a function of
enrichment level for alternative cladding materials is shown
in Figure 7. The enrichment levels range between 4.6% and
5.2% with respect to fuel type 3. Nevertheless, raising the
enrichment level will affect fuel fabrication expenses. The
required increase in enrichment level for C26M, APMT™,
304SS, and 310SS in each fuel type is 1.47%, 1.75%, 1.86%,
and 2.15%, respectively, with respect to the reference case
at the beginning of the cycle. The evaluation shows that
there could be economic implications for the nuclear fuel
cycle resulting from an enrichment increase.

Case B-3 is aimed at overcoming the reactivity penalty of
alternative cladding materials while maintaining the fuel
enrichments of fuel types 1, 2, and 3 at the same level as
the reference case. This was achieved by reducing the thick-
ness of the alternative cladding materials, which allowed for
a proportional increase in fuel pellet diameter while preserv-
ing the same gap size and clad outer diameter. Figure 8

shows that the effective multiplication factor (Keff ) for
various alternative cladding materials was plotted against
cladding thickness. When the cladding thickness exceeds
350μm, the effective multiplication factor for alternative
cladding materials remains subcritical. However, as the clad-
ding thickness decreases, Keff increases. To overcome the
observed penalty, the required cladding thickness decrease
ranges from 30 to 1μm for alternative cladding materials.
However, excessively reducing cladding thickness could
compromise fuel rod integrity in the reactor core. Therefore,
reducing the thickness of alternative cladding materials may
not be the most appropriate option at the beginning of
the cycle.

Case B-4 was conducted to identify combinations of
decreased cladding thickness and increased enrichment level
of U-235 that could overcome the reactivity penalty. The
thickness of alternative cladding materials was set to a rea-
sonably conservative value of 350μm which is consistent
with the historical use of iron-based alloys as fuel cladding
in LWRs [19]. Figure 9 shows the effective multiplication
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factor (Keff) for various alternative cladding materials plot-
ted as a function of the enrichment level in 350μm of clad-
ding thickness. Table 16 shows the enrichment increase
required to overcome the penalty observed at 350μm for
C26M, APMT™, 304SS, and 310SS in each fuel type, which
is 0.81%, 0.98%, 1.05%, and 1.23%, respectively, with respect
to the reference case at the beginning of the cycle. Figures 7
and 9 illustrate that at an enrichment level of 4.40%, reduc-
ing the cladding thickness from 571.5 to 350μm can contrib-
ute to an increase in the reactivity, with values of 4792, 5336,
5588, and 6099 pcm observed for C26M, APMT™, 304SS,
and 310SS, respectively. During Cases 1-3, the lower and
higher changes in enrichments and geometry for the fuel
rods were C26M and 310SS, respectively. Additionally,
APMT™ and 304SS showed almost identical responses.
The results obtained indicate that the conditions of Case 3
are reasonably conservative and more economical compared
to Cases 1 and 2.

3.4. Neutronic Analysis of Reactor Parameters. The effects of
utilizing alternative cladding materials were evaluated on

various factors, including the neutron spectrum, FTC,
MTC, boron worth, control rod bank worth, power distribu-
tion, and thermal neutron flux distribution. The effects of
using alternative cladding materials were examined based
on two scenarios. Scenario 1 examined the impact of using
alternative cladding materials while keeping the enrichment
and geometry of the fuel rods as specified in the reference
case. Meanwhile, scenario 2 evaluated the combined impact
of using alternative cladding materials and modifications to
the enrichments and geometry of the fuel rods obtained
from case B-4. The reason for selecting the conditions of
case B-4 is that they are reasonably conservative and more
economical compared to those of case B-2 and case B-3.

3.4.1. Neutron Spectrum. The neutron flux spectra of both
alternative cladding materials and the reference zircaloy
cladding were analysed for scenarios 1 and 2, as depicted
in Figures 10 and 11. The normalized flux spectra per unit
lethargy were plotted with the energy range logarithmically
divided into 500 energy groups spanning from 1 × 10–5 to
20 × 106 eV.
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Figure 10 illustrates the impact of using alternative
cladding materials. The increased neutron-absorption
cross-sections of the alternative cladding materials lead to a
hardening of the thermal neutron flux spectrum. In contrast,

Zircaloy-4 cladding material, with its lower absorption
cross-section, leads to a higher inventory of thermal neu-
trons. Since thermal neutrons play a critical role in inducing
fission, this reduced thermal neutron presence results in a
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–0.300 –0.298 –0.307 –0.256 –0.292 –0.280 –0.276
–0.339 –0.344 –0.360 –0.319 –0.374 –0.363 –0.360
–0.377 –0.375 –0.382 –0.327 –0.372 –0.356 –0.356

0.642 0.920 0.932 0.824 0.988 0.873 1.009 0.849 0.963 0.951 0.669
–0.437 –0.508 –0.357 –0.152 –0.183 –0.081 –0.171 –0.128 –0.329 –0.474 –0.415
–0.464 –0.540 –0.375 –0.150 –0.181 –0.074 –0.168 –0.126 –0.344 –0.505 –0.443
–0.539 –0.613 –0.417 –0.168 –0.210 –0.095 –0.220 –0.177 –0.452 –0.659 –0.576
–0.605 –0.694 –0.470 –0.175 –0.220 –0.088 –0.209 –0.154 –0.449 –0.668 –0.592

0.645 0.868 0.929 0.920 0.984 0.952 1.021 0.965 1.015 0.957 0.966 0.907 0.669
–0.427 –0.538 –0.370 –0.132 –0.020 0.084 0.089 0.096 0.008 –0.100 -0.333 –0.511 –0.417
–0.463 –0.573 –0.389 –0.132 –0.013 0.101 0.108 0.112 0.015 –0.101 -0.355 –0.540 –0.435
–0.544 –0.668 –0.432 –0.133 –0.004 0.119 0.118 0.112 –0.007 –0.146 -0.463 –0.706 –0.567
–0.618 –0.756 –0.494 –0.149 0.005 0.142 0.148 0.154 0.030 –0.124 -0.466 –0.737 –0.594
0.920 0.933 1.253 1.075 1.027 1.188 1.082 1.208 1.061 1.112 1.295 0.970 0.956

–0.489 –0.356 –0.240 –0.009 0.174 0.265 0.298 0.292 0.208 0.029 –0.200 –0.330 –0.484
–0.536 –0.376 –0.252 –0.007 0.193 0.289 0.323 0.316 0.225 0.031 –0.204 –0.346 –0.501
–0.628 –0.432 –0.263 0.017 0.234 0.338 0.363 0.342 0.239 0.006 –0.295 –0.460 –0.652
–0.713 –0.495 –0.302 0.020 0.265 0.387 0.418 0.404 0.294 0.047 –0.265 –0.468 –0.682

0.589 0.933 0.926 1.080 1.080 1.254 1.153 1.295 1.172 1.283 1.110 1.113 0.959 0.965 0.608
–0.256 –0.330 –0.116 0.000 0.201 0.341 0.402 0.460 0.421 0.365 0.223 0.020 –0.104 –0.338 –0.271
–0.291 –0.365 –0.122 0.005 0.215 0.364 0.431 0.493 0.453 0.393 0.242 0.032 –0.096 –0.341 –0.277
–0.340 –0.426 –0.131 0.026 0.261 0.430 0.494 0.555 0.502 0.428 0.255 0.005 –0.149 –0.445 –0.347
–0.377 –0.477 –0.151 0.023 0.290 0.477 0.551 0.624 0.564 0.500 0.311 0.047 –0.129 –0.463 –0.369
0.736 0.827 0.986 1.033 1.250 1.172 1.305 1.169 1.325 1.199 1.286 1.064 1.015 0.851 0.758

–0.260 –0.127 –0.004 0.186 0.339 0.434 0.518 0.503 0.537 0.458 0.361 0.204 –0.002 –0.137 –0.276
–0.289 –0.145 –0.008 0.201 0.364 0.463 0.556 0.538 0.573 0.488 0.393 0.228 0.013 –0.129 –0.279
–0.341 –0.163 0.005 0.247 0.435 0.535 0.636 0.604 0.639 0.538 0.429 0.242 –0.007 –0.171 –0.347
–0.376 –0.180 0.004 0.267 0.478 0.588 0.702 0.669 0.714 0.606 0.496 0.292 0.025 –0.166 –0.367
0.847 0.987 0.948 1.181 1.151 1.304 1.141 1.182 1.151 1.333 1.177 1.218 0.974 1.016 0.870

–0.269 –0.156 0.098 0.270 0.404 0.515 0.512 0.525 0.524 0.536 0.416 0.282 0.092 –0.180 –0.289
–0.306 –0.185 0.095 0.284 0.428 0.552 0.548 0.564 0.560 0.579 0.455 0.316 0.119 –0.168 –0.285
–0.353 –0.199 0.126 0.345 0.503 0.635 0.625 0.638 0.625 0.644 0.504 0.348 0.124 –0.212 –0.353
–0.385 –0.221 0.142 0.378 0.550 0.698 0.682 0.698 0.689 0.716 0.567 0.406 0.155 –0.213 –0.371
0.807 0.862 1.005 1.064 1.278 1.158 1.173 1.085 1.194 1.183 1.315 1.096 1.035 0.884 0.832

–0.236 –0.066 0.096 0.293 0.448 0.495 0.521 0.515 0.539 0.514 0.463 0.301 0.090 –0.085 –0.265
–0.279 –0.092 0.087 0.302 0.471 0.525 0.554 0.547 0.569 0.551 0.503 0.332 0.111 –0.073 –0.262
–0.302 –0.087 0.124 0.367 0.558 0.605 0.636 0.621 0.647 0.615 0.567 0.380 0.131 –0.082 –0.301
–0.336 –0.094 0.140 0.403 0.611 0.660 0.693 0.677 0.709 0.677 0.630 0.420 0.154 –0.080 –0.327
0.845 0.983 0.943 1.183 1.150 1.305 1.135 1.185 1.151 1.324 1.174 1.209 0.964 1.010 0.868

–0.275 –0.162 0.099 0.281 0.404 0.522 0.514 0.533 0.525 0.532 0.412 0.271 0.085 –0.187 –0.303
–0.322 –0.199 0.088 0.285 0.425 0.550 0.542 0.559 0.553 0.567 0.446 0.301 0.101 –0.188 –0.313
–0.340 –0.204 0.124 0.355 0.504 0.637 0.619 0.644 0.630 0.645 0.508 0.353 0.130 –0.194 –0.331
–0.388 –0.230 0.136 0.384 0.545 0.695 0.673 0.700 0.684 0.704 0.557 0.391 0.144 –0.224 –0.386
0.731 0.821 0.980 1.036 1.260 1.178 1.307 1.166 1.320 1.192 1.275 1.049 0.999 0.836 0.746

–0.261 –0.128 0.002 0.197 0.351 0.445 0.522 0.504 0.531 0.446 0.340 0.178 –0.027 –0.159 –0.300
–0.305 –0.157 –0.011 0.203 0.367 0.465 0.548 0.528 0.557 0.475 0.372 0.200 –0.017 –0.162 –0.312
–0.327 –0.160 0.004 0.250 0.436 0.537 0.633 0.608 0.644 0.546 0.440 0.246 0.006 –0.158 –0.326
–0.372 –0.181 0.006 0.271 0.480 0.592 0.693 0.663 0.700 0.592 0.477 0.266 –0.004 –0.186 –0.388
0.591 0.935 0.928 1.085 1.088 1.263 1.159 1.293 1.163 1.275 1.100 1.095 0.932 0.941 0.594

–0.255 –0.320 –0.107 0.009 0.206 0.348 0.409 0.455 0.414 0.351 0.201 –0.014 –0.146 –0.380 –0.297
–0.292 –0.358 –0.117 0.012 0.222 0.369 0.432 0.475 0.428 0.366 0.213 –0.008 –0.145 –0.399 –0.313
–0.325 –0.407 –0.127 0.022 0.263 0.430 0.499 0.555 0.505 0.441 0.270 0.025 –0.131 –0.421 –0.339
–0.375 –0.479 –0.151 0.021 0.289 0.476 0.549 0.612 0.551 0.478 0.285 0.006 –0.168 –0.499 –0.395

0.928 0.939 1.268 1.089 1.037 1.188 1.075 1.199 1.049 1.097 1.273 0.939 0.926
–0.469 –0.343 –0.227 0.002 0.185 0.272 0.295 0.276 0.192 0.000 –0.247 -0.386 –0.538
–0.511 –0.361 –0.225 0.012 0.197 0.284 0.309 0.281 0.195 –0.013 –0.275 -0.416 –0.575
–0.593 –0.424 –0.270 0.016 0.231 0.336 0.363 0.348 0.251 0.027 –0.259 -0.435 –0.615
–0.706 –0.495 –0.308 0.017 0.259 0.377 0.405 0.386 0.267 0.007 –0.340 -0.532 –0.741
0.656 0.884 0.944 0.934 0.991 0.956 1.017 0.956 0.995 0.941 0.945 0.886 0.652

–0.419 –0.528 –0.357 –0.122 –0.013 0.088 0.087 0.088 –0.009 –0.116 –0.362 –0.545 –0.446
–0.443 –0.548 –0.361 –0.113 –0.009 0.097 0.088 0.087 –0.021 –0.145 –0.409 –0.602 –0.488
–0.525 –0.657 –0.436 –0.138 –0.006 0.119 0.119 0.121 0.004 –0.126 –0.423 –0.658 –0.533
–0.624 –0.771 –0.500 –0.151 –0.004 0.139 0.140 0.137 –0.003 –0.161 –0.522 –0.795 –0.639

0.653 0.932 0.944 0.830 0.997 0.871 1.000 0.836 0.949 0.940 0.660
–0.423 –0.495 –0.343 –0.143 –0.176 –0.078 –0.172 –0.142 –0.347 –0.499 –0.432
–0.445 –0.511 –0.355 –0.143 –0.185 –0.091 –0.198 –0.167 –0.399 –0.570 –0.484
–0.527 –0.619 –0.426 –0.168 –0.207 –0.089 –0.206 –0.167 –0.416 –0.608 –0.529
–0.621 –0.714 –0.480 –0.181 –0.226 –0.089 –0.226 –0.181 –0.487 –0.731 –0.638

0.595 0.736 0.849 0.820 0.859 0.741 0.600
–0.273 –0.280 –0.289 –0.253 –0.287 –0.280 –0.275
–0.292 –0.300 –0.313 –0.281 –0.322 –0.314 –0.312
–0.344 –0.348 –0.355 –0.308 –0.345 –0.338 –0.337
–0.381 –0.385 –0.391 –0.335 –0.384 –0.380 –0.384
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Figure 16: Normalized radial power scenario 1.
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reduction in reactivity when spectral hardening occurs.
Figure 11 demonstrates an increased spectral hardening
effect compared to Figure 10 due to increased fuel enrich-
ment while simultaneously reducing the cladding thickness.

3.4.2. Reactivity Coefficients. The investigation of the two
reactivity coefficients (FTC and MTC) for alternative
cladding materials was carried out under both scenarios 1
and 2. Meeting the safety standards of operational PWRs

R P N M L K J H G F E D C B A
0.584 0.733 0.850 0.818 0.863 0.754 0.610

–0.044 –0.043 –0.036 –0.034 –0.036 –0.042 –0.043
–0.045 –0.040 –0.025 –0.023 –0.012 –0.017 –0.022
–0.055 –0.052 –0.038 –0.031 –0.023 –0.025 –0.031
–0.060 –0.055 –0.042 –0.037 –0.036 –0.044 –0.044

0.642 0.920 0.932 0.824 0.988 0.873 1.009 0.849 0.963 0.951 0.669
–0.071 –0.091 –0.084 –0.047 –0.056 –0.029 –0.054 –0.038 –0.077 –0.080 –0.061
–0.063 –0.081 –0.080 –0.041 –0.043 –0.018 –0.033 –0.016 –0.050 –0.055 –0.054
–0.090 –0.107 –0.098 –0.053 –0.059 –0.023 –0.040 –0.022 –0.070 –0.076 –0.065
–0.098 –0.122 –0.109 –0.053 –0.064 –0.026 –0.053 –0.039 –0.090 –0.097 –0.082

0.645 0.868 0.929 0.920 0.984 0.952 1.021 0.965 1.015 0.957 0.966 0.907 0.669
–0.068 –0.130 –0.116 –0.053 –0.032 –0.001 –0.003 0.003 –0.022 –0.039 –0.096 –0.110 –0.048
–0.063 –0.125 –0.109 –0.055 –0.032 0.003 0.005 0.014 –0.011 –0.030 –0.089 –0.112 –0.050
–0.084 –0.159 –0.133 –0.060 –0.031 0.012 0.013 0.021 –0.005 –0.029 –0.102 –0.131 –0.066
–0.099 –0.182 –0.150 –0.070 –0.038 0.011 0.011 0.017 –0.020 –0.046 –0.128 –0.161 –0.084
0.920 0.933 1.253 1.075 1.027 1.188 1.082 1.208 1.061 1.112 1.295 0.970 0.956

–0.081 –0.109 –0.082 –0.041 0.019 0.044 0.063 0.066 0.040 –0.017 –0.043 –0.084 –0.058
–0.081 –0.106 –0.071 –0.044 0.015 0.043 0.064 0.068 0.039 –0.022 –0.049 –0.089 –0.062
–0.102 –0.126 –0.081 –0.037 0.037 0.072 0.088 0.091 0.060 –0.007 –0.043 –0.099 –0.076
–0.117 –0.149 –0.106 –0.051 0.032 0.075 0.093 0.094 0.057 –0.020 –0.066 –0.127 –0.100

0.589 0.933 0.926 1.080 1.080 1.254 1.153 1.295 1.172 1.283 1.110 1.113 0.959 0.965 0.608
–0.032 –0.071 –0.045 –0.038 0.022 0.067 0.085 0.107 0.101 0.087 0.050 –0.007 –0.023 –0.053 –0.027
–0.033 –0.069 –0.047 –0.031 0.026 0.062 0.080 0.105 0.097 0.079 0.035 –0.027 –0.043 –0.065 –0.032
–0.048 –0.084 –0.046 –0.024 0.045 0.091 0.113 0.140 0.131 0.114 0.067 –0.005 –0.027 –0.063 –0.032
–0.052 –0.105 –0.066 –0.050 0.031 0.089 0.126 0.152 0.146 0.119 0.063 –0.027 –0.049 –0.089 –0.042
0.736 0.827 0.986 1.033 1.250 1.172 1.305 1.169 1.325 1.199 1.286 1.064 1.015 0.851 0.758

–0.028 –0.030 –0.021 0.024 0.064 0.099 0.117 0.114 0.128 0.119 0.096 0.054 –0.003 –0.017 –0.017
–0.024 –0.029 –0.020 0.029 0.068 0.092 0.109 0.104 0.115 0.102 0.074 0.033 –0.027 –0.036 –0.030
–0.042 –0.039 –0.021 0.045 0.095 0.130 0.154 0.151 0.166 0.151 0.120 0.065 –0.003 –0.020 –0.021
–0.044 –0.046 –0.036 0.029 0.083 0.127 0.163 0.162 0.178 0.155 0.112 0.055 –0.019 –0.035 –0.031
0.847 0.987 0.948 1.181 1.151 1.304 1.141 1.182 1.151 1.333 1.177 1.218 0.974 1.016 0.870

–0.023 –0.041 0.011 0.054 0.094 0.119 0.115 0.105 0.126 0.136 0.108 0.076 0.023 –0.031 –0.013
–0.010 –0.029 0.013 0.053 0.094 0.113 0.104 0.086 0.104 0.115 0.087 0.049 –0.001 –0.055 –0.030
–0.035 –0.051 0.014 0.065 0.119 0.149 0.148 0.136 0.160 0.173 0.143 0.098 0.031 –0.031 –0.008
–0.035 –0.060 0.006 0.059 0.117 0.155 0.150 0.139 0.167 0.179 0.140 0.091 0.023 –0.046 –0.015
0.807 0.862 1.005 1.064 1.278 1.158 1.173 1.085 1.194 1.183 1.315 1.096 1.035 0.884 0.832

–0.023 –0.018 0.006 0.064 0.106 0.113 0.107 0.112 0.116 0.127 0.116 0.078 0.016 –0.012 –0.015
–0.012 –0.011 0.012 0.061 0.104 0.107 0.093 0.092 0.097 0.112 0.094 0.054 –0.015 –0.036 –0.034
–0.037 –0.032 –0.003 0.068 0.124 0.139 0.134 0.139 0.148 0.167 0.156 0.102 0.027 –0.007 –0.013
–0.038 –0.033 –0.014 0.067 0.123 0.146 0.132 0.142 0.152 0.169 0.156 0.101 0.021 –0.008 –0.012
0.845 0.983 0.943 1.183 1.150 1.305 1.135 1.185 1.151 1.324 1.174 1.209 0.964 1.010 0.868

–0.020 –0.045 0.012 0.065 0.097 0.124 0.115 0.108 0.118 0.124 0.095 0.058 0.012 –0.042 –0.022
–0.002 –0.026 0.019 0.069 0.097 0.117 0.105 0.093 0.102 0.105 0.078 0.036 –0.014 –0.070 –0.042
–0.046 –0.073 –0.008 0.053 0.099 0.142 0.142 0.136 0.154 0.168 0.134 0.084 0.023 –0.041 –0.015
–0.047 –0.076 –0.008 0.058 0.108 0.146 0.145 0.140 0.158 0.173 0.138 0.083 0.026 –0.044 –0.017
0.731 0.821 0.980 1.036 1.260 1.178 1.307 1.166 1.320 1.192 1.275 1.049 0.999 0.836 0.746

–0.026 –0.033 –0.016 0.039 0.079 0.108 0.116 0.111 0.116 0.099 0.063 0.019 –0.036 –0.041 –0.040
–0.008 –0.017 –0.005 0.044 0.087 0.108 0.112 0.105 0.105 0.085 0.046 0.002 –0.057 –0.065 –0.057
–0.058 –0.065 –0.052 0.019 0.069 0.115 0.141 0.142 0.153 0.136 0.100 0.042 –0.024 –0.040 –0.036
–0.055 –0.062 –0.051 0.024 0.078 0.125 0.147 0.151 0.163 0.146 0.105 0.048 –0.024 –0.037 –0.035
0.591 0.935 0.928 1.085 1.088 1.263 1.159 1.293 1.163 1.275 1.100 1.095 0.932 0.941 0.594

–0.030 –0.058 –0.030 –0.016 0.040 0.076 0.095 0.097 0.084 0.063 0.019 –0.047 –0.064 –0.090 –0.049
–0.015 –0.040 –0.019 –0.011 0.045 0.082 0.092 0.093 0.082 0.055 0.013 –0.065 –0.082 –0.113 –0.061
–0.063 –0.115 –0.078 –0.061 0.017 0.070 0.103 0.122 0.117 0.095 0.045 –0.038 –0.062 –0.100 –0.051
–0.060 –0.112 –0.070 –0.053 0.032 0.087 0.117 0.133 0.128 0.106 0.055 –0.030 –0.057 –0.098 –0.050

0.928 0.939 1.268 1.089 1.037 1.188 1.075 1.199 1.049 1.097 1.273 0.939 0.926
–0.058 –0.083 –0.052 –0.025 0.027 0.048 0.054 0.042 0.015 –0.051 –0.096 –0.133 –0.110
–0.040 –0.070 –0.030 –0.013 0.032 0.053 0.060 0.042 0.017 –0.049 –0.098 –0.142 –0.117
–0.126 –0.157 –0.116 –0.059 0.014 0.045 0.068 0.064 0.036 –0.038 –0.094 –0.146 –0.117
–0.115 –0.147 –0.103 –0.047 0.027 0.059 0.082 0.078 0.051 –0.024 –0.074 –0.141 –0.113
0.656 0.884 0.944 0.934 0.991 0.956 1.017 0.956 0.995 0.941 0.945 0.886 0.652

–0.050 –0.102 –0.088 –0.037 –0.023 0.004 –0.010 –0.010 –0.045 –0.066 -0.127 –0.150 –0.083
–0.038 –0.095 –0.078 –0.027 –0.016 0.013 0.003 0.001 –0.030 –0.055 -0.119 –0.144 –0.083
–0.103 –0.187 –0.160 –0.081 –0.055 –0.011 –0.016 –0.003 –0.040 –0.061 -0.138 –0.165 –0.086
–0.093 –0.180 –0.151 –0.071 –0.042 0.007 0.002 0.012 –0.023 –0.043 -0.124 –0.158 –0.087

0.653 0.932 0.944 0.830 0.997 0.871 1.000 0.836 0.949 0.940 0.660
–0.049 –0.064 –0.062 –0.034 –0.048 –0.029 –0.060 –0.053 –0.094 –0.100 –0.080
–0.040 –0.049 –0.048 –0.019 –0.034 –0.010 –0.040 –0.035 –0.075 –0.080 –0.069
–0.106 –0.135 –0.120 –0.069 –0.089 –0.051 –0.082 –0.060 –0.102 –0.103 –0.088
–0.098 –0.119 –0.109 –0.057 –0.072 –0.033 –0.062 –0.041 –0.088 –0.091 –0.078

0.595 0.736 0.849 0.820 0.859 0.741 0.600
–0.038 –0.039 –0.032 –0.030 –0.033 –0.050 –0.051
–0.021 –0.020 –0.008 –0.006 –0.011 –0.027 –0.033
–0.070 –0.076 –0.071 –0.061 –0.056 –0.058 –0.057
–0.062 –0.063 –0.058 –0.047 –0.039 –0.047 –0.047
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Figure 17: Normalized radial power scenario 2.
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requires maintaining negative values for all two coefficients
in each cladding material.

Results from the study revealed that both reactivity coeffi-
cients yielded negative values for each cladding material in
both scenarios 1 and 2, as outlined in Tables 17 and 18, respec-
tively. The FTCs of alternative cladding materials closely
resemble those of the Zircaloy-4 cladding. Nevertheless, the
MTCs of alternative cladding materials show lower values
relative to the Zircaloy-4 cladding with a deviation ranging
from 14 to 21pcm/K. This variance can be attributed to the
higher absorption cross-sections of the cladding material and
the resulting hardening of the neutron spectrum.

Furthermore, scenario 2 in Table 18 illustrates the effects
of modifications to enrichments and geometry of fuel rods
on the two reactivity coefficients. The FTCs of alternative
cladding materials showed no discernible impact, whereas
the MTCs observed decreased negative values compared to
scenario 1. The differences amounted to -4.33, -6.6, -6.81,
and -9.41 pcm/K for C26M, APMT™, 304SS, and 310SS,
respectively.

3.4.3. Boron Worth. Dissolved boron, as a burnable absorber
(BA), is used to suppress initial reactivity by providing a poi-
soning effect. As shown in Figures 12 and 13, for scenario 1
and 2, respectively, the BW calculation results are negative
for all given boron concentrations, and the BW coefficient
decreases with increasing boron concentration. In scenario
1, the alternative cladding materials exhibit a similar
response for the BW coefficient, around -12 pcm/ppm, while
the Zircaloy-4 cladding value is roughly -13 pcm/ppm. In
scenario 2, the alternative cladding materials also exhibit a
comparable BW coefficient response, around -9 pcm/ppm.
However, it should be noted that the coefficient is lower in
scenario 2, mainly due to modifications made to the enrich-
ments and geometry in the fuel rods, but still yields a nega-
tive value.

3.4.4. Control Rod Worth. Control rod worth is crucial for
ensuring the safety and control of reactors. It is calculated

as the change in reactivity resulting from fully inserting the
control rod bank(s) from the top position. Figures 14 and
15 depict the Keff and control rod worth for different config-
uration banks in scenarios 1 and 2. In all configuration
banks, the control rod contributes a negative value, and the
control rod worth increases as the number of inserted banks
increases.

In scenario 1, the alternative cladding materials exhibit
similar responses to control rod worth. The values of control
rod worth for C26M, APMT™, 304SS, and 310SS in D bank
are -846, -863, -881, and -897pcm, respectively, while the
Zircaloy-4 cladding value is -712 pcm. It is important to note
that the control rod worth of alternative cladding materials
is higher than that of Zircaloy-4 due to the neutronic penalty
associated with alternative cladding materials.

In scenario 2, the control rod worth of alternative
cladding materials is smaller than that of the Zircaloy-4
cladding. This reduction can be attributed to the modified
fuel rods and the fact that alternative cladding materials have
a larger macroscopic thermal neutron absorption cross-sec-
tion, which also has a similar effect to that of control rod.
In other words, the spectrum hardening decreases the
impact of control rod.

3.4.5. Radial Power Distribution. The radial power distribu-
tion was calculated for each assembly in both scenarios 1
and 2 at BOC, and the results are shown in Figures 16 and
17. The first row displays the normalized assembly power
values for the Zircaloy-4 cladding, while the second to fifth
rows indicate the differences in assembly power for the alter-
native cladding materials in comparison to the Zircaloy-4
cladding. It can be observed that scenario 1 shows differ-
ences in assembly power values compared to the Zircaloy-4
cladding due to the neutronic penalty associated with alter-
native cladding materials. On the other hand, scenario 2
demonstrates that the power values of alternative cladding
materials are nearly identical to those of Zircaloy-4 cladding,
with a maximum radial peak factor of 1.3 and a minimum
power factor value of 0.6.
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Figure 18: The radial thermal neutron flux distribution scenario 1.
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3.4.6. Radial Thermal Neutron Flux Distribution. The radial
thermal neutron flux was evaluated for scenarios 1 and 2 at
BOC. The radial thermal neutron flux distributions are pre-
sented in Figures 18 and 19. In scenario 1, the Zircaloy-4
design had the highest thermal neutron flux at the center
and gradually decreased towards the core boundary. Con-
versely, alternative cladding materials had a peak thermal
flux at the middle of the radial length of the reactor core
and decreased towards the core boundaries. This is because
the high absorption cross-sections of the cladding material
affect the hardening or softening of the neutron spectrum.
In scenario 2, the thermal neutron flux distribution for alter-
native cladding materials was very similar to the reference at
the center and then deviated from it, with the differences
increasing towards the core boundaries.

4. Conclusions

In this study, neutronic analysis of accident-tolerant clad-
ding materials in 3D Full Core BEAVRS PWR Benchmark
was thoroughly investigated using OpenMC Code. The neu-
tronic penalty associated with various alternative cladding
materials was assessed in comparison to zirconium alloy in
a 3D full PWR core at the beginning of the cycle (BOC).
To conduct the calculations, the 3D BEAVRS core was sim-
ulated with cladding materials including C26M, APMT™,
304SS, 310SS, and Zircaloy-4.

The results revealed that the neutronic penalty varied for
different alternative cladding materials in the reference case.
Among the materials tested, C26M exhibited the lowest neu-
tronic penalty, while 310SS demonstrated the highest. This
disparity can be attributed to the high macroscopic thermal
neutron absorption cross-section, which significantly affects
the hardening of the neutron spectrum. Furthermore, when
considering grid spacers, a slight increase in the neutronic
penalty was observed. To address the reactivity penalty asso-
ciated with the alternative cladding materials and achieve
performance similar to that of Zircaloy-4, several options
have been evaluated. Among these options, the third option

(combinations of decreased cladding thickness and
increased enrichment level of U-235) emerged as the most
viable choice, being both reasonably conservative and eco-
nomically feasible. A parametric analysis based on the third
option demonstrated that C26M, APMT™, 304SS, and 310SS
cladding could overcome the reactivity penalty of alternative
materials andmatch the performance of Zircaloy-4 by reducing
the cladding thickness to 350μm and adjusting the enrichment
level of U-235 to 0.81%, 0.98%, 1.05%, and 1.23%, respectively,
for each material. Notably, C26M exhibited the lowest required
enrichment level, while 310SS required the highest.

The fuel temperature coefficient (FTC), moderator tem-
perature coefficient, boron worth, control rod bank worth,
power distribution, and radial thermal neutron flux distribu-
tion were analysed for the alternative cladding materials,
considering both the reference case and the modified fuel
rods. The study investigated spectral hardening effects and
observed that the utilization of alternative cladding materials
with higher neutron-absorption cross-sections resulted in a
hardening of the thermal neutron flux spectrum. This
spectral hardening phenomenon is expected to notably
amplify with increased levels of fuel enrichment and heavy
metal loading. FTCs of alternative cladding materials were
observed to closely resemble those of Zircaloy-4 cladding,
while the MTCs showed slightly lower values from
Zircaloy-4 cladding with a deviation value of -4.33 pcm/K
for C26M. The boron worth coefficient showed no major
impact, with all values remaining negative and similar to
the Zircaloy-4 cladding. The reduced worth of the control
rods in alternative cladding materials can be attributed to
two factors. Firstly, the modification in the fuel rods itself
contributes to this reduction. Secondly, alternative cladding
materials have a larger macroscopic thermal neutron
absorption cross-section, which has a similar effect to that
of a control rod. In simpler terms, the influence of the con-
trol rod is diminished due to the spectrum hardening caused
by these alternative cladding materials. It is crucial to ensure
that the worth of the control rods meets the safety require-
ments when utilizing the alternative cladding materials.
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Figure 19: The radial thermal neutron flux distribution scenario 2.
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Regarding the radial power distribution and radial thermal
neutron flux distribution, discrepancies were observed
between the alternative cladding materials and Zircaloy-4
cladding in the reference case. These variations stemmed
from the neutronic penalty associated with the alternative
materials. However, in the case of the modified fuel rods,
the power values for the alternative cladding materials were
nearly identical to those of Zircaloy-4 cladding. In contrast,
the thermal neutron flux distribution for the alternative
materials closely resembled that of Zircaloy-4 cladding at
the center but deviated as it approached the core boundaries,
with the differences becoming more pronounced.

The analysis results showed that C26M provided a sig-
nificantly higher level of neutronic performance compared
to APMT™, 304SS, and 310SS.

It is worth mentioning here that this study focuses only
on the neutronic effects of alternative cladding materials in
nuclear reactors at the BOC. Hence, in future research, it is
imperative to evaluate the capabilities of these materials in
terms of their mechanical and structural integrity under nor-
mal and severe accident conditions, with specific attention to
the performance of the spacer grid, both with and without
alternative cladding materials, conducting fuel depletion
analysis to delve deeper into the potential of alternative clad-
ding materials, especially in terms of fuel cycle length.
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