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Abstract —The nuclear fuel performance during accidents became a critical issue after the
Fukushima Daiichi nuclear accident in 2011. Currently, various research and development
programs are being carried out to enhance the fuel's reliability and durability under such
conditions. These programs are collectively known as the Accident Tolerant Fuel (ATF)
R&D program, which involves multiple countries, research institutes, and fuel vendors.
ATF is an enhanced fuel that can tolerate longer periods of active cooling system failure,
without significant fuel/cladding system degradation. Moreover, it can improve fuel
performance in normal operations, transients, as well as design-basis accident (DBA) and
beyond design-basis (BDBA) scenarios. This paper presents a preliminary neutronics
analysis for Accident Tolerant Fuel (ATF) cladding materials for a standard PWR fuel rod
(fuel pellet and dimension). The candidate cladding materials were compared with the
original Zircaloy-4 cladding material. To confirm the necessary geometry requirements for
achieving end-of-cycle fuel reactivity, a parametric evaluation was conducted on fuel and
cladding materials. The findings were then compared with the standard PWR reference
fuel-cladding system. A number of reactor safety parameters are evaluated for the
candidate cladding materials as reactivity, radial power distribution of fuel pellet,
reactivity coefficients, spectral hardening. This study used OpenMC code to model two-
dimensional space Standard PWR nuclear fuel rods and the neutronics and burnup analysis
of ATF cladding materials.
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I. Introduction

The Fukushima Daiichi nuclear incident in 2011
underscored the critical importance of nuclear fuel
performance during accidents. As a response to this
concern, extensive research and development
initiatives are presently underway to enhance the
reliability and durability of fuel under such
challenging circumstances. These collective efforts are
referred to as the Accident Tolerant Fuel (ATF)
Research and Development (R&D) program,
involving numerous countries, research institutions,

and fuel suppliers. ATF represents an advanced type of
fuel capable of enduring extended periods of active
cooling system failures with minimal degradation to
the fuel/cladding system [1]. Additionally, it has the
potential to enhance fuel performance in routine
operations, transient events, as well as design-basis
accidents (DBA) and scenarios beyond design-basis
(BDBA) [1].

Zirconium alloys are known for their inherent
resistance to various environmental conditions,
making them a popular choice as cladding materials in
light water reactors [2,3,4,5]. Despite their advantages,
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such as excellent neutron economy and low capture
cross sections, these alloys exhibit reduced resistance
to oxidation at elevated temperatures during reactor
operation. This leads to increased hydrogen
absorption, impacting the material's microstructure
and causing a loss of ductility over time [2,3,4,5].
Since 2011, extensive research has explored
alternative cladding materials capable of replacing
Zirconium [6]. These investigations encompass a wide
array of studies on mechanical properties, irradiation
behavior, corrosion resistance, including reactions
with water, and their interaction with fuel [7].

FeCrAl has been proposed as a promising option
for fuel cladding due to its favorable thermo-
mechanical attributes, reduced reactivity with steam,
and lower propensity for hydrogen generation [8]. Due
to its substantial aluminum content, FeCrAl forms a
robust A1203 layer during high-temperature oxidation,
characterized by superior strength [9,10]. AI203
exhibits reduced permeability in comparison to ZrO2,
resulting in significantly improved oxidation
properties, especially in high-temperature steam
environments [10].

We conducted analyses to gain initial insights into
the neutron-related aspects of employing alternative
fuel cladding concepts within pressurized water
reactor (PWR) cores. This step is considered essential
to provide valuable guidance for broader fuel
development and qualification endeavors. While
numerous alternative cladding materials are under
scrutiny as potential ATF cladding concepts, this paper
specifically focuses on a particular FeCrAl option. We
compare the FeCrAl cladding material with the
reference Zircaloy-4 clad fuel pin, utilizing data from
depletion calculations, spectral analyses, reactivity
coefficient calculations, and radial fission power
assessments. Currently, the study's scope is limited to
single fuel rod within a PWR; however, future work
aims to expand these analyses to the assembly-level or
full-core scale.

I1. Methodology and Input Parameters
11.A. Pin Cell Model

The pin cell model was generated using the
OpenMC code, which is an open-source Monte Carlo
code developed by the MIT Computational Reactor
Physics Group (CRPG) [11]. This code has the
capability to perform fixed source, k-eigenvalue, and
subcritical multiplication calculations for models
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constructed using either constructive solid geometry or
computer-aided design (CAD) representations [12].
Neutronic and burnup calculations were conducted
using the OpenMC code [11]. For this analysis, the
ENDEF/B-VIIL.1 library [13] was utilized, along with
the simplified CASL PWR depletion chain consisting
of 255 nuclides [14], owing to its notable accuracy in
thermal spectrum reactors. Our analysis utilized a total
of 40 million particles, consisting of 400 active cycles
and 100 inactive cycles, resulting in a standard
deviation of approximately 13 pcm for the
multiplication factor k. Figure 1 illustrates the pin cell
model representing the reference case, based on a
Westinghouse 17 x 17 PWR fuel rod.

Fig. 1. Westinghouse 17 x 17 PWR pin cell model.

All the simulations are conducted using a single
unit cell, with the primary neutronic parameter under
investigation being the infinite neutron multiplication
factor. To ensure a consistent power transfer, the pitch-
to-rod-diameter (P/D) ratio remains fixed at 1.326.
Additionally, the gap between the pellet and cladding
is held constant at 82.55 um to preserve the gap's
thermal conductivity. Adjustments to the cladding
thickness are accomplished by modifying both the
pellet radius and the inner diameter of the cladding. An
average concentration of 630 ppm boron, equivalent to
the concentration at the Middle of Cycle (MOC).
Detailed information on the remaining parameters can
be found in Table 1

Table 1 The parameters and dimensions of Westinghouse
17 x 17 PWR assembly

Property Value Ref.
Pltch—to—rO(}—dlameter 1.326 em 15
ratio
Number of fuel rods 264 16
per assembly
Assembly fuel height 365.76 cm 16
Fuel pellet radius 0.409575 cm 16
Gap thickness 82.55 um 16
Fuel enrichment 4.9% 16
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Cladding inner radius 0.41783 cm 17
Cladding thickness 0.05715 cm 17
Cladding outer radius | 0.47498 cm 17
Number of guide 25 17
tubes
Cladding inner radius
of guide tube 0.5624 cm 17
Cladding outer radius 0.6032 cm 17
of guide tube
10.47 g/em?
. (96%
Fuel density UO2 theoretical 15
density)
SpeCIﬁc power 3833
density for reference Watt/eram 15
UO2-Zr g
Coolant density 0.7119 g/em® | 17
. . 1.625 g/L (2.0
Helium density MPa) 17
Simulation time 1565 EFPD
Coolant temperature 580K
Fuel temperature 900 K
Clad and gap 600 K
temperature
Boundary conditions Reflective

IL.B. Input Parameters

Table 2 displays the elemental compositions for
both a baseline zirconium alloy (Zircaloy-4) and an
iron-chromium aluminum alloy (FeCrAl). Table 3
presents the density and the microscopic thermal
neutron absorption cross-section (o) associated with
each cladding material.

Table 2 Cladding material compositions [15]

Material Wt%
Fe Cr Al Zr Sn
Zircaloy-4 0.15 | 0.1 98.26 1.49
FeCrAl 75 20 5

Table 3 Density and microscopic thermal neutron
absorption for cladding material [15]

Material Density (g/cm® ) o, (barns)
Zircaloy-4 6.56 0.200
FeCrAl 7.1 2.43

I1.C. Geometric and Enrichment Parameters

Table 4 presents cases that were utilized in
reactivity calculations. Case 1 serves as the reference
case, while the other cases aim to increase the
concentration of heavy metals and fissile materials
within the fuel rod. This is achieved by -either
expanding the pellet diameter at the expense of
reducing cladding thickness (Cases 2—4) or by

Proceedings of SCOPE
13-15 Nov. 2023 - KFUPM
Paper XXXXX

enhancing the uranium enrichment (Cases 5). It's
worth emphasizing that the thickness of the FeCrAl
cladding material has been conservatively reduced to
350 pum, aligning with historical practices of using
iron-based alloys as fuel cladding in LWRs [10].
Additionally, it's important to take note that the
specific power, measured in megawatts per metric
kilogram of uranium (MW/KgU), corresponds to a
constant power level of 0.0682 MW per fuel rod
modeled throughout the depletion cycle [15].

Table 4 Various cases used for reactivity calculations

Name Case Number
1 (ref) 2 3 4 5
Material Zircaloy-4 | FeCrAl | FeCrAl | FeCrAl | FeCrAl
Pellet OD 81915 | 8.1915 | 8.5345 | 8.6345 | 8.6345
[mm]
Clad ID 83566 | 8.3566 | 8.6996 | 8.7996 | 8.7996
[mm]
Clad OD 9.4996 | 9.4996 | 9.4996 | 9.4996 | 9.4996
[mm]
Clad
Thickness 5715 5715 | 400 350 350
[pnm]
U-Enrichment 4.9 4.9 4.9 4.9 5.5
Specific
Power 38.33 3833 | 3531 | 345 | 345
(MW/MTU)
Notes: OD = Outer Diameter; ID = Inner Diameter.

IT1. Results and Discussion
III.A. Depletion k-infinity Results

Figure 2 displays the relationship between
reactivity and Burnup (GWd/ton) in fuel rod for
Westinghouse 17 x 17 PWR fuel rods geometry and
cladding materials. Specifically, the discharge burnup
values for Zircaloy-4 and FeCrAl were 36.52 and
28.52 GWd/ton, respectively. In Figure 3, you can
observe the detrimental impact on neutronics
associated with the utilization of FeCrAl as the
cladding material. At a burnup level of 60 GWd/ton,
FeCrAl incurred a reactivity penalty of -4250 pcm,
primarily due to its larger neutron absorption cross
section.
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Fig. 2. Infinite multiplication factor for cladding materials.
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Fig. 3. Reactivity difference from Zircaloy-4 clad fuel
versus burnup for FeCrAl cladding material.

IILB. Spectral Hardening

Spectral hardening was investigated for FeCrAl
cladding material. Figure 4 illustrates the neutron flux
spectrum at beginning of the cycle (BOC), Middle of
Cycle (MOC) and End of Cycle (EOC). The increased
neutron-absorption cross sections of the FeCrAl
cladding material lead to a hardening of the thermal
neutron flux spectrum. This spectral hardening effect
is also observed during the transition from low burnup
to high burnup conditions. In contrast, Zircaloy-4
cladding material, with its lower absorption cross
section, leads to a higher inventory of thermal
neutrons. On the other hand, FeCrAl cladding exhibits
a significantly lower inventory of thermal neutrons due
to its higher absorption cross sections. Since thermal
neutrons play a critical role in inducing fission, this
reduced thermal neutron presence results in a
reduction in reactivity when spectral hardening occurs.
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Fig. 4. Neutron flux spectrum at BOL (4), MOL (B), and
EOL (C).

111.C. Self-shielding on the Fuel Rod

The self-shielding phenomenon within the fuel rod
results in an uneven power distribution along its radial
axis. This non-uniformity is primarily due to the strong
absorption of U-238 near the fuel rod's surface,
subsequently influencing both plutonium production
and the burnup rate at this specific position.
Consequently, it is of paramount importance to
investigate the rim effect for FeCrAl. To perform a
self-shielding analysis, the fuel region was subdivided
into ten concentric rings with equal volumes, while
keeping the gap and cladding components positioned
externally, maintaining the same dimensions as
presented in Figure 5. Figure 6 displays the
normalized power distribution concerning the relative
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radius. Due to spatial self-shielding effects, the relative
fission power is highest near the fuel rod's surface and
decreases toward the center of the pellet. At the BOC,
although there exists some variation in neutron
absorption capabilities between the two cladding
materials, but it does not significantly affect the
relative power within a fuel rod. During operation,
more plutonium accumulates near the surface of the
fuel pellet due to spatial self-shielding effects, leading
to increased fission reactions in that region. As
depicted in Figure 6, fission profiles remain relatively
constant in the inner regions, while a sharp increase in
power is observed near the fuel rod's boundary.
Notably, FeCrAl exhibits slightly higher relative
power near the surface, as it produces more 239Pu in
the outer ring due to spectral hardening. This
observation underscores the fact that cladding
materials with higher neutron absorption capabilities
result in reduced reactivity during early life due to the
hardened neutron spectrum, but increased reactivity as
the EOC approaches due to greater plutonium
accumulation.

II1.D. Reactivity Coefficients

The study investigated Moderator Temperature
Reactivity Feedback Coefficient (MTC), and the
Coolant Void Reactivity Coefficient (VRC) for
FeCeAl cladding material under the reference
zircaloy-4. Meeting the safety standards of operational
PWRs requires maintaining negative values for all
three coefficients in each cladding material.

Fig. 5. Radial profile of a fuel-cladding system with fuel
region divided into 10 rings.
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Fig. 6. Relative radial power distribution.
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Fig. 7. The moderator temperature coefficient as a function
of burnup.
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Fig. 8. The void reactivity coefficient as a function of
burnup.

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 kelvin change
in moderator temperature and is calculated using the
following formula [18]:

Ap King(T2) — King(T1)
AT King(T1) X Kinp(T2) X (T2 —Tq)

x 10° [?] (1)
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where T; and T, are two moderator temperature values,
kint (T1) and kinr (T2) are corresponding criticality
values.

The MTC is expressed in units of pcm per 1K. T; and
T, were set to 580 K and 600 K, respectively, for the
calculations. The densities of water at the given
temperatures have been derived from Lemmon et al.
[19]. The density of water at T; was found to be 0.7119
g/cm3, while at T it was 0.66118 g/cm3.

The VRC is defined as the difference in reactivity
over the void difference according to the following
equation [20]

Ap kinf(Vl) - kinf(Vo)
%void  Kis(Vo) X King(Vy) X (V4 —Vy)

cm

x 10° [O/fvoid] @)

Vo and V,; refer to the void fraction at nominal
condition (%) and varied condition (%), respectively.
Kine (Vo) and Kinr (V1) correspond to the criticality
values, while the VRC value is measured in terms of
pem per %void. The VRC was calculated for 40% void
(density of water = 0.4271 g/cm3).

Figure 7 illustrates how the moderator temperature
coefficient (MTC) changes with burnup for cladding
materials. Initially, at the BOC, both Zircaloy-4 and
FeCrAl materials exhibited negative MTC values, with
FeCrAl showing a more pronounced negativity
compared to Zircaloy-4. This difference can be
attributed to the high absorption cross-sections of the
cladding material and the resulting hardening of the
neutron spectrum. During operation, both Zircaloy-4
and FeCrAl materials experience a reduction in MTC
until they reach values of 60 GWd/ton and 55
GWd/ton, respectively. Moving on to Figure 8, it
depicts how the void reactivity coefficient (VRC)
changes with burnup for the same cladding materials.
Similarly, at the BOC, both Zircaloy-4 and FeCrAl
materials displayed negative VRC values, with FeCrAl
exhibiting more negative values than Zircaloy-4. Once
again, the difference between FeCrAl and Zircaloy-4
is due to the high absorption cross-sections of the
cladding material and the accompanying hardening of
the neutron spectrum. During operation, both Zircaloy-
4 and FeCrAl materials consistently maintain negative
VRC values across all burnup phases.
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IILE. U-235 enrichment and cladding thickness
matching cycle length of Zircaloy-4

In this section, we conducted calculations to
determine the required enrichment level and cladding
thickness necessary for FeCrAl cladding to achieve a
fuel cycle length equivalent to the reference case
(Zircaloy-4). Table 5 presents the end-of-burnup
values for different cases, including Case 1 for
Zircaloy-4 and Cases 2 to 5 for FeCrAl. In Case 1, the
end-of-burnup value for Zircaloy-4 was 36.52
GWd/ton, which FeCrAl must achieve to have an
equivalent the cycle length of Zircaloy-4. Cases 2 to 4
involved maintaining the quantity of enriched uranium
fuel at 4.9% while reducing cladding thickness from
571.5 to 350 um and increasing the volume of UO2
fuel pellets. However, FeCrAl cladding still did not
achieve the cycle length of Zircaloy-4. In Case 5, the
thickness of FeCrAl cladding remained fixed at 350
pum, while the quantity of enriched uranium fuel was
increased from 4.9% to 5.5%. This resulted in an end-
of-burnup value of 36.45 GWd/ton for FeCrAl, which
was close to the end-of-burnup value of Zircaloy-4.
After numerous simulation iterations to match the end-
of-burnup value of Zircaloy-4, the optimal enrichment
level was determined to be 5.5084%.

Table 5 End of burnup values for various cases

Name Case Number
1 (ref) 2 3 4 5

Material Zircaloy-4 | FeCrAl | FeCrAl | FeCrAl | FeCrAl
Clad
Thickness 571.5 571.5 400 350 350
(um]
U-enrichment 4.9 4.9 4.9 4.9 5.5
Specific
Power 38.33 38.33 35.31 34.5 345
(MW/MTU)
End of burnup
value 36.52 28.52 30.89 3145 36.45
(GWd/ton)
Effective full
power days 952.88 744.03 805.96 | 820.53 950.87
(EFPD)

IV. Conclusions

This study has presented a preliminary analysis of
the neutron-related aspects of utilizing FeCrAl as an
alternative fuel cladding material within pressurized
water reactor (PWR). The study aimed to provide
valuable insights for the Accident Tolerant Fuel (ATF)
by comparing FeCrAl with the reference Zircaloy-4
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clad fuel pin. Several key findings have emerged from
this study:

Firstly, in terms of depletion k-infinity results, it
was observed that FeCrAl exhibited a reactivity
penalty of -4250 pcm at a burnup level of 60 GWd/ton
when compared to Zircaloy-4. This penalty was
primarily attributed to FeCrAl's larger neutron
absorption cross section.

Secondly, the study investigated spectral
hardening effects and found that the increased neutron-
absorption cross sections of FeCrAl led to a hardening
of the thermal neutron flux spectrum. This spectral
hardening effect reduced reactivity, as thermal
neutrons play a crucial role in inducing fission.

Thirdly, an analysis of self-shielding on the radial
power distribution revealed that FeCrAl exhibited
slightly higher relative power near the fuel rod's
surface due to spectral hardening effects. This
observation underscores the fact that cladding
materials with higher neutron absorption capabilities
result in reduced reactivity during early life due to the
hardened neutron spectrum, but increased reactivity as
the EOC approaches due to greater plutonium
accumulation.

Finally, the study determined the required
enrichment level and cladding thickness for FeCrAl to
achieve a fuel cycle length equivalent to Zircaloy-4.
After numerous simulation iterations, the optimal
enrichment level for a cladding thickness of 350 pm
was found to be 5.5084%

This study provides valuable insights into the
feasibility and challenges of adopting FeCrAl as an
alternative fuel cladding material for PWRs. Future
work in this area should aim to expand these analyses
to the assembly-level or full-core scale to further
evaluate the feasibility and performance of FeCrAl
cladding in practical reactor systems.
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