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1. Introduction

The nuclear simulation chain of GRS comprises well-established tools in the field of nuclear
safety analysis [1]. The core simulator KMACS, as part of the GRS calculation tools, is used
and validated for standard light water reactor (LWR) fuel compositions, e.g. UO2/Zr-4 [2]. In
this work we want to explore the potential of KMACS in terms of its applicability on Acci-
dent Tolerant Fuels (ATF). ATF are recently studied innovative fuel materials with improved
robustness under severe accident conditions [4]. In ATF, well-established fuel components are
complemented or replaced by different, new materials, and thereby adding elements such as iron,
chromium, aluminum, silicon, or carbon to the set-up. These modifications will not only have
an influence on the thermo-mechanical, but also on the neutronic properties of the system [3].
In this study, besides the standard combination UO2/Zr-4 as reference case, we selected two
ATF concepts for further investigation: the standard combination with an additional chromium
coating, UO2/Zr-4/Cr, and a combination with uranium dioxide as fuel material and an iron-
chromium-aluminum cladding, UO2/FeCrAl.

2. Methodology

The calculations performed in this study comprise criticality calculations of single assemblies in
an infinite lattice, the determination of few-group cross-sections, nodal flux calculations for the
whole core as well as a cycle calculation for an operating cycle.
The models are based on the specification of the first operating cycle of the BEAVRS bench-
mark [5]. The reactor considered in this benchmark is a four-loop Westinghouse PWR loaded
with 193 fuel assemblies. A special characteristic of this core are the additional neutron shield
panels at the corners of the core. The original core is loaded with fresh UO2 fuel assemblies
with different enrichments, 1.6%, 2.4% and 3.1% U-235. First, on basis of the 3.1% U-235 as-
sembly, we perform criticality calculations of the single assembly in an infinite lattice. Thereby,
the original fuel cladding is exchanged with the ATF cladding materials. The applied codes
are SCALE 6.2.3/T-NEWT [9] with the 56-group cross section library based on ENDF/B-VII.1
shipped with SCALE, and HELIOS-2 [6]. The corresponding inputs for the calculations are
generated as well as triggered by KMACS. Independent Monte Carlo reference calculations are
performed using Serpent [8] with the continuous energy (CE) library based on ENDF/B-VII.0.
As next step, we perform whole-core calculations under HZP conditions using the modified
BEAVRS core. Thereby, we only consider the ATF-material UO2/FeCrAl. In total we exchange
32 fuel assemblies of the 3.1% U-235 type, which are located at the outermost part of the core.
The homogenized two-group cross-sections are generated using SCALE 6.2.3/T-NEWT and as
nodal flux solver QUABOX/CUBBOX (Q/C) [7] is applied. Again, KMACS is used to orches-
trate the input generation, calculation execution, and the post-processing of the results. The
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reference solution is obtained with the Monte Carlo code Serpent.
Further, we conduct an operating cycle calculation for the first cycle of the BEAVRS bench-
mark. Analogously to the HZP calculation before, 32 fuel assemblies are exchanged with ATF
assemblies. Two cases are considered: the unmodified core with standard UO2/Zr-4 fuel as-
semblies, and the modified core with UO2/FeCrAl assemblies. The homogenized cross-sections
for branched operating conditions of the reactor are generated using SCALE 6.2.3/T-NEWT.
Based on these cross-sections, the whole-core calculation is performed with the coupled neutron-
kinetic/thermal-hydraulic code system Q/C-ATHLET [7].

3. Results and Discussion

The multiplication factors obtained in the single assembly calculations with SCALE 6.2.3/T-
NEWT and HELIOS-2 are compared with Serpent reference calculations. We observe reactivity
differences up to 389 pcm (cf. Table I), which lay in a typical range of such comparisons.

Table I: Neutron multiplication factor for unirradiated fuel assembies.

Case SCALE/T-NEWT HELIOS-2 Serpent CE

UO2/Zr-4 (ref.) 1.27265 1.27244 1.27742
UO2/Zr-4/Cr 1.25605 — 1.26222
UO2/FeCrAl 1.16054 1.16302 1.16312

The Q/C nodal flux solution under HZP condition based on the few-group cross-sections is in
good agreement with the Serpent reference solution in terms of the multiplication factor and the
radial power distribution. As shown in Table II, we obtain a reactivity difference of 208 pcm,
which is an acceptable deviation for such calculations.

Table II: Neutron multiplication factor of modified BEAVRS core under HZP conditions.

Case SCALE/T-NEWT Serpent CE

UO2/FeCrAl 0.99027 0.99231

Figure 1: Radial power distribution (left) obtained from the Q/C (upper value) and Serpent
(lower value) calculations and relative deviation of the radial power distribution (right) at BOC.

The radial power distribution and its deviation compared to the Serpent results are illustrated in
Figure 1. The results show an overall good agreement with the Monte Carlo reference solution.
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However, at the corner positions of the core we observe deviations up to 7%. These deviations
are probably caused by the additional neutron shield panels (cf. BEAVRS specification [5]),
that are not well captured by our nodal whole-core model.

In Figure 2, the boron curves of the original case with the UO2/Zr-4 assemblies and the modified
case with UO2/FeCrAl assemblies resulting from the cycle calculations with Q/C-ATHLET are
shown. For comparison, also the measured boron curve from the benchmark specification which
refers to the original core is shown. Due to the higher neutron absorption of the ATF cladding
material FeCrAl in comparison to the original Zr-4 cladding material, the corresponding boron
curve lies below the original case. Caused by the in general lower boron concentration, the
natural cycle end is already reached after approximately 280 EFPD for the ATF-modified case.
Afterwards, Q/C-ATHLET tries to keep the critical state by introducing a negative boron
concentration. Physically, this makes no sense, but can be considered as numerical artifact.

Figure 2: Boron curve of cycle 1 for the reference core loading and the core partially loaded with
ATF assemblies and the measurement.

4. Conclusions

The work presented here shows the applicability of the GRS core simulator KMACS on modern
ATF materials for LWR applications. Thereby, criticality calculations for fresh fuel, the gen-
eration of homogenized two-group cross sections, and the whole-core calculations for the HZP
state as well as for the full operating cycle are performed successfully. The criticality calcula-
tions as well as the whole-core calculation under HZP conditions show good agreement with the
reference Monte Carlo calculations. In case of the cycle calculation, the observed lower boron
concentration of the core partially loaded with the ATF assemblies is physically plausible. Only
the modeling of fuel assemblies with an additional coating layer (e.g. UO2/Zr-4/Cr) needs to be
revised in KMACS. Although HELIOS-2 and ATHLET are in principle able to model additional
coating layers, KMACS does not support the generation of the corresponding inputs for these
codes. However, this problem will be solved in the near future. Currently, also the GRS fuel
behavior code TESPA-ROD [10] is upgraded to analyze FeCrAl cladding systems and will be
linked to the KMACS system.
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