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ABSTRACT

Accident tolerant fuels (ATF) has been studied since the Fukushima Daiichi accident in the research efforts to develop
new materials which under accident scenarios could maintain the fuel rod integrity for a longer period compared to the
cladding and fuel system usually utilized in Pressurized Water Reactors (PWR). The efforts have been focused on new
materials applied as cladding, then iron-base alloys appear as a possible candidate. The aim of this paper is to imple-
ment modifications in FRAPCON and FRAPTRAN fuel performance codes to evaluate the behavior of iron-based
alloys under Loss-of-Coolant Accident (LOCA) scenario. For this, initially the properties related to the thermal and
mechanical behavior of iron-based alloys were obtained from the literature, appropriately adapted and introduced in the
fuel performance code subroutines. The adopted approach was step by step modifications, where different versions of
the code were created. The assessment of the implemented modification was carried out simulating an experiment
available in the open literature (IFA-650.5) related to zirconium-based alloy fuel rods submitted to LOCA conditions.
The obtained results for the iron-based alloy were compared to those obtained using the regular version of the fuel per-
formance code for zircaloy-4. The obtained results have shown that the most important properties to be changed are
those from the subroutines related to the mechanical properties of the cladding. The results obtained have shown that
the burst is observed at a longer time for fuel rods with iron-based alloy, indicating the potentiality of this material to be
used as cladding with ATF purposes.
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1. INTRODUCTION

The development of new materials to be applied in nuclear fuel rods requires an extensive research
program comprising a series of experiments, computational simulation, and in-core tests. The ac-
tivities involving all these steps spend at least 10 years. In this sense, the adaptation of recognized
computational tools used to evaluate the fuel performance can help to save efforts and decrease the
time to be consumed in the entire process.

Particularly, at this moment, the computational tools are important to perform a preliminary as-
sessment of the behavior under irradiation of materials to be used in the framework of the Accident
Tolerant Fuel (ATF) [1, 2] program. Considering that, the fuel performance codes available nowa-
days were developed in the 1970 when the conventional UO2-Zrloy system was widely used. The
utilization of these tools requires the previous adaptation with the introduction of properties of dif-
ferent materials in the source codes.

The ATF program arises after the Fukushima Daiichi accident [3] aiming to develop nuclear fuels
with properties that can preserve the fuel rod integrity under normal operation and accident scenari-
os, for longer periods, compared to the conventional UO2-Zrloy system widely applied in nuclear
power plants, all around the world.

The ATF program started in USA. Nowadays it involves efforts of different sectors from the inter-
national nuclear community. It includes universities, research institutes, regulatory authorities, and
suppliers from all around the world. They aim to develop new materials to improve safety in nucle-
ar power plants.

The major part of the studies being carried out in the framework of the ATF program is focused on
the development and test of materials to be applied as cladding. These materials shall present good
stability at high temperatures, especially in steam environment, to avoid the problem related to the
hydrogen generation observed with zirconium-based alloys under accident scenarios. Also, the ma-
terial shall present low neutron absorption cross-section, good mechanical stability under irradia-
tion, and feasible manufacturing process. To comply with these requirements, the main materials

under investigation are iron-based-alloys, and coated zirconium-based alloys.
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Iron-based alloys, specifically stainless steel 348 (AISI 348), present a higher thermal conductivity
compared to zirconium-based alloys. Also, they present a thermal expansion coefficient approxi-
mately three times higher than that of zirconium-based alloys. Due to these properties, fuel rods
manufactured using stainless steel as cladding under irradiation maintain the pellet-cladding gap
open longer than those manufactured using zirconium-based alloys [4].

Concerning to mechanical properties, the creep deformation for zirconium-based alloys result from
the combination of irradiation and thermal creep, which under steady state operation condition are
of the same order of magnitude. For stainless steel rods under the same conditions only irradiation
creep is significant. On the other hand, zirconium-based alloys creep rate can be about four times
higher than AISI 348. AISI 348 presents a modulus of elasticity higher than zirconium-based alloys
resulting that the cladding deformations will be significantly smaller during PCMI [4].

Iron-based alloys present an important advantage compared to zirconium-based alloys related to the
reduction of the probability of the violent oxidation reaction at high temperatures. The good per-
formance of iron-based alloys as cladding under steady-state and operational transients is well-
known from the previous experience of the first generation of PWR [5]. However, the performance
of these materials under accident scenarios shall be better evaluated.

The aim of this paper is to discuss the results obtained with the modification, step by step, of the
FRAPTRAN code to evaluate the behavior of stainless steel 348 as cladding material under LOCA

scenario.

2. MATERIALS AND METHODS

2.1 LOCA Test Case
The data related to the test case used in this paper were obtained in the open literature [11] for the

experiment IFA-650.5 performed in the framework of Halden Reactor Project to study the behavior
of UO2/Zircaloy-4 fuel rod under LOCA scenario.

The IFA-650.5 test fuel rod was re-fabricated from an irradiated PWR with a high average burnup
of 83 MWd/kgU. The base irradiation of the full-length rod comprised about 2000 effective full

power days. The main characteristics of the IFA-650.5 fuel rod are summarized in Table 1 below.
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Table 1: IFA-650.5 fuel rod main characteristics.

Fuel type PWR
Fuel material uo;
Fuel pellet diameter (mm) 9.132
Fuel pellet length (mm) 11
Fuel dish depth (mm) 0.28
Fuel dish width (mm) 1.2
Fuel density (% TD) 94.8
Fuel enrichment (w/o %) 3.5
Cladding material DX ELSO0.8b
Cladding outer diameter (mm) 10.735
Cladding wall thickness (mm) 0.721
Fuel rod burnup (MWd/kgU) 83
Fuel rod total length (mm) 4800
Fuel rod gap (mm) 0.0805
Fuel rod plenum volume (cm?®) 15
Fuel rod fill gas 90% Ar +10%He
Fill pressure (MPa) 4.0

2.2 Fuel Performance Code Modification

To evaluate the fuel performance under accident scenarios of a fuel rod manufactured using iron-
based alloy as cladding, it is necessary to adapt conventional steady-state and transient codes im-
plementing the properties of this material into the source codes.

The codes applied in this paper for steady-state and transients were, respectively, FRAPCON and
FRAPTRAN [6]. The first step consisted in introduce the properties of stainless steel 348 in the
FRAPCON source code. The results obtained for a test case using the original and the modified
versions of the code under the same power history at steady-state scenario were previously reported
[4].

Considering that, the FRAPTRAN code shares with FRAPCON some subroutines related to the
cladding, part of the modifications already implemented in the modified version of FRAPCON code
for AISI 348, can be used to change the FRAPTRAN code. Then, initially the following subroutines
from FRAPCON code were used in the FRAPTRAN: CCP, CELMOD, CSHEAR, CMHARD,
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CTHEXP, CTHCON, ZOEMIS, and ZOTCON. The modification constitutes of first FRAPTRAN
modified version obtained for AISI 348 in this assessment, identified as Modified Version 1.

After this, a second modified version was created considering the mechanical properties in the
CMLIMT and CKMN subroutines, which calculate the limits of mechanical strain and the plastic
strain for the cladding, respectively.

The modification was performed introducing in the code the data related to the burst stress as func-
tion of temperature for AISI 304 obtained from the literature [7], according to the equation 1:

ctstrt = (599,98-0.73269.Tc+0,0002143.Tc?).1.0d+06 (Pa) (1)
where:

ctstrt is the tangential component of real stress at burst; and
Tc is the temperature in °C.
The stress-strain behavior in the FRAPTRAN code is described using two different correlations
based on stress [8]. The deformation in the elastic region is described by the Hookes law as shown
in equation 2:

o=E.c @)
where:
a is the stress;
E is the modulus of elasticity; and
€ Is the strain.

The elastic strain is described by a power law as presented in equation 3 below.

o=K.e" ()" 3)
where:
K is the strength coefficient;
7 is the strain hardening exponent;
m is the strain rate sensitivity constant; and
£ is the strain rate.
From equations 2 and 3 was obtained the stress-strain curve with yield strength (YS), ultimate
tensile strength (UTS), and uniform elongation (UE) for the studied material.
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The coefficient K and the exponent n in equation 3 as function of temperature for stainless steel
were obtained from reference [9]. The value for the constant m was not obtained for stainless steel.
Then, in the code modification process, the m value was kept the same of the zircaloy, considering
that the literature shows that m values for metals are about 0.1 to 0.2 [10].

The second modified version including the properties of stainless steel in the subroutines CMLIMT
and CKMN is identified in this paper as Modified Version 2.

3. RESULTS AND DISCUSSION

Due to the fact that this paper is focused in the modification of the FRAPTRAN code to evaluate
the behavior of AISI 348 under LOCA scenario, the results presented below show only the perfor-
mance of the fuel rod during the accident. Then, at time O starts the LOCA followed by the blow-
down phase and the progression of the accident until 1200 s.

Figures 1 to 4 present the comparison of some results obtained using the original version of the
FRATRAN code for zircaloy and those obtained from the Modified Version 1 for AISI 348, which
considers the original mechanical properties of zircaloy, using IFA-650.5 as LOCA test case.

Figure 1: Internal pressure evolution as function of time for IFA-650.5 using original FRAP-
CON/FRAPTRAN codes for zircaloy and the Modified Version 1 for AISI 348
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Figure 2: Cladding hoop stress evolution as function of time for IFA-650.5 using original FRAP-
CON/FRAPTRAN codes for zircaloy and the Modified Version 1 for AISI 348
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Figures 1 and 2 show that the internal pressure and the cladding hoop stress are slightly lower for
the AISI 348 when compared to the zircaloy until the cladding burst due to the difference of thermal
properties. However, the burst occurs at the same time for both materials because the driving force
is associated to the mechanical properties of the cladding materials, which are the same in both ver-
sions of the codes.

Figure 3: Structural radial gap evolution as function of time for 1FA-650.5 using original FRAP-
CON/FRAPTRAN codes for zircaloy and the Modified Version 1 for AISI 348
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Figure 4: Fuel centerline temperature evolution as function of time for IFA-650.5 using original
FRAPCON/FRAPTRAN codes for zircaloy and the Modified Version 1 for AISI 348
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Despite of the larger gap observed for AISI 348 compared to zircaloy under steady state irradiation
[4], this phenomenon is not observed during the LOCA due to the short time scale of the accident.
Because of this, no difference is observed in the fuel centerline temperature for both materials, as
shown in Figure 4.

The results obtained using the Modified Version 1 of the FRAPTRAN code show that some thermal
and mechanical properties are not ruling the main changes in the fuel behavior under LOCA scenar-
io. Even considering that AISI 348 and zircaloy present different thermal properties, the effect in
the global performance is not significant and observed in the time scale of the accident.

A new round of simulations was carried out using the Modified Version 2 of FRAPTRAN code,
which includes modifications in the subroutines related to the mechanical properties of the cladding
material. Some results comparing the behavior of zircaloy using the original code version and AlSI

348 with the Modified Version 2 are presented in Figures 5 to 8.
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Figure 5: Internal pressure evolution as function of time for IFA-650.5 using original FRAP-
CON/FRAPTRAN codes for zircaloy and the Modified Version 2 for AISI 348
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Figure 6: Cladding hoop stress evolution as function of time for IFA-650.5 using original FRAP-
CON/FRAPTRAN codes for zircaloy and the Modified Version 2 for AISI 348
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Figure 5 shows that the modifications implemented in the code related to the mechanical properties
of AISI 348 (Modified Version 2) produce changes in the behavior under LOCA scenario for the
AISI 348 fuel rod and it experiences the burst about 220 s after the zircaloy. The internal pressure

and the hoop stress for AISI 348 increase as function of time and reach higher values compared to
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zircaloy prior to the burst due to the higher mechanical limits of AISI 348. These data agree with
the literature data related to the burst behavior of different iron-based alloys at high temperature [7].
The gap evolution presented in Figure 7 shows the different behavior of AISI 348 and zircaloy fuel
rods during LOCA. Before the zircaloy fuel rod burst, the gap for both materials is similar due to
the short time scale of the accident. After the zircaloy burst, the gap of the AISI 348 fuel rod in-
creases due to the cladding deformation until to experience the burst.

Figure 7: Structural radial gap evolution as function of time for 1FA-650.5 using original FRAP-
CON/FRAPTRAN codes for zircaloy and the Modified Version 2 for AISI 348
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Figure 8: Fuel centerline temperature evolution as function of time for 1FA-650.5 using original
FRAPCON/FRAPTRAN codes for zircaloy and the Modified Version 2 for AISI 348
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Figure 8 shows that the fuel centerline temperatures for both materials are remarkably similar dur-
ing all the studied time scale and the AISI 348 fuel rod experiences the burst when the highest tem-
perature is observed. Then, the temperature plays an important role in the burst phenomena for AISI
348.

The comparison of the results obtained using two different modified versions of FRAPTRAN code
for AISI 348, the first one without considering mechanical properties of the cladding material and
the second one introducing these data, shows that the mechanical properties related to elastic and
plastic deformation of the cladding play an important role in the fuel behavior under LOCA scenar-
i0. Consequently, these properties shall be considered to obtain fuel performance codes that are able
to reproduce the expected behavior for different cladding materials under accident scenarios.

4. CONCLUSION

The recent efforts to develop ATF have shown that iron-based alloys are potential candidates to be
studied to replace the zirconium-based alloys currently used as cladding. In this sense, the evalua-
tion of the behavior of these materials under irradiation, and specifically under accident scenarios,
were studied. The modification of conventional fuel performance codes to assess the fuel perfor-
mance of different claddings and fuels materials represent an important tool in the ATF develop-
ment process [12-14].

The preliminary results obtained from the modification of FRAPTRAN code step by step to evalu-
ate the fuel performance of a fuel rod manufactured using stainless steel during LOCA show that
the most important properties are those related to the mechanical behavior of the cladding under
accident conditions, mainly the plastic strain which will be determinant to define the occurrence of
burst. The results also have shown that AISI 348 experiences the burst at a longer time compared to
zircaloy, and this is one of the requirements that a material shall present to be used as cladding with
ATF purposes. Moreover, AISI 348 presents improved reaction kinetics with steam at high tem-

peratures.
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