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ABSTRACT

Fuel rod cladding material is the second barrier to prevent the release of radioactive inventories in a PWR
reactor. In this sense, an important safety aspect is to assess the fuel behavior under operational conditions. This
can be made by means of fuel performance codes and confirmed by experimental measurements. In order to
evaluate the fuel behavior of fuel rods in steady-state conditions, it was designed an experimental irradiation
device, the Nuclear Fuel Irradiation Circuit (CAFE-Mod1). This device will allow controlling the surface rod
temperature, to measure the power associated to the rod and the evolution of fission gas release for a typical
PWR fuel pin. However, to support the experimental irradiation program, it is extremely important to simulate
the experimental conditions using a fuel performance code. The aim of this paper is to evaluate some
parameters and aspects related to the fuel rod behavior during the irradiation program. This evaluation was
carried out by means of an adapted fuel performance code. Obtained results have shown that besides of the
variation observed for parameters, such as, fuel temperature and fission gas release as a function of fuel
enrichment level, the fuel rod integrity was preserved in all studied conditions.

1. INTRODUCTION

Pressurized water reactors (PWR) commonly use cylindrical uranium dioxide (UO;) pellets
as fuel which are clad in a metal alloy. Consequently, the fuel rod cladding material is, in a
PWR reactor, the first barrier to prevent release of radioactive materials to the primary
circuit. Therefore, an important safety aspect to license the reactor design is to evaluate the
fuel behavior under the reactor normal operational conditions. This evaluation is carried out
by means of fuel performance codes and the obtained results have to be checked by
experimental measurements.

The Nuclear Power Generation Laboratory (LABGENE) project, developed at the Navy
Technological Center in S&o Paulo (CTMSP), is a test bed for developing the capability to
design small and medium power reactors for electricity production, and for nuclear
propulsion [1].



As a consequence, theLABGENE project presents specific characteristics regarding to
materials and reactor design. Its licensing involves the safety analysis of the fuel rod behavior
considering its characteristics. The main difference between LABGENE project and
conventional PWR reactors is the cladding material. LABGENE plans to use 348 stainless
steel instead of zirconium alloys. 348 stainless steel presents higher corrosion-resistance, but
lower permeability to neutrons when compared to zirconium alloys [2].

Fuel performance codes are developed to calculate the long-term burnup response of a single
fuel rod. In order to evaluate the fuel behavior in steady-state conditions, there are codes
specifically used as analytical tools to estimate fuel rod behavior when power and boundary
condition changes are sufficiently slow, what also includes situations involving long time
periods at constant power and slow power ramps that are typical of normal power reactor
operations [3]. These codes permit to evaluate the variation over the time of all significant
fuel rod variables, including fuel and cladding temperatures, cladding oxidation, fuel
irradiation swelling, fission gas release and rod internal gas pressure.

Usually, conventional fuel performance codes allow the assessment of fuel rods manufactured
using zirconium alloys as cladding material. Therefore, it was necessary to adjust these codes
including the mechanical and physics properties of 348 stainless steel to perform calculations
considering this material as cladding.

Results obtained by means of fuel performance codes have to be checked by experimental
measurements. Then, one of the tools to be used in order to obtain experimental data
concerning the LABGENE fuel behavior, under operational conditions, is an experimental
irradiation device, the Nuclear Fuel Irradiation Circuit (CAFE-Mod1) [4]. This device will
allow to obtain experimental data about the fuel rod behavior under irradiation, which can be
used to validate the fuel behavior evaluated by means of the performance code.

The irradiation capsule of CAFE-Mod1 containing test rods will be installed in the IEA-R1
research reactor (IPEN) which will be used as neutron source to perform the irradiation
experiments. Due to the neutron flux in the reactor core (10** n/cm? s) in the IPEN reactor
core, one possibility to be considered to reach the fluence necessary to induce modifications
in the fuel rod in a suitable schedule for the LABGENE project is to increase the fuel
enrichment degree. However, previously to the setup operation in this particular situation, one
must simulate the experimental conditions using a fuel performance code.

The aim of this paper is to evaluate some parameters and specific aspects related to the fuel

rod behavior, during the irradiation program applied to CAFE-Mod1 device, using different
fuel enrichment degrees.
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2. METODOLOGY

2.1. LABGENE Project

The fuel rod in the LABGENE project plans to use 348 stainless steel as cladding material
and enriched UO, pellets as nuclear fuel. These pellets are fixed by an inconel spring located
at the top of the rod. The rod is pressurized with helium gas, like in commercial nuclear fuel
elements.

2.2. Fuel Performance Code

The simulations were carried out using an adapted fuel performance code. The subroutines of
the code related to the cladding material properties [5] were changed to include the
mechanics and physics properties of 348 stainless steel. The obtained results were evaluated
considering the 348 stainless steel expected behavior under irradiation [6, 7].

2.3. CAFE-Mod1 Device

CAFE-ModL1 is a thermohydraulic small loop designed to simulate the operational conditions
of a PWR in order to carry out irradiation experiments with fuel rods. This device has been
developed by CTMSP with Nuclear and Energy Research Institute (IPEN) and Nuclear
Technology Development Center (CDTN) [8].

The irradiation capsule of CAFE-Modl will contain three single rods with characteristics
similar to the LABGENE fuel rods in a single setup. This capsule will be installed in the IEA-
R1 research reactor (IPEN) which will be used as neutron source to perform the irradiation
experiments.

2.4 Experimental Parameters
The fuel performance evaluation was focused in the variation of fuel enrichment degree for
UO; pellets. Two enrichment degrees were evaluated: a typical PWR enrichment and a value
about 4 times higher. All the other parameters used as input data in the code were fixed.

3. RESULTS AND DISCUSSION
Considering that the irradiation capsule of CAFE-Mod1 will contain three single rods with
characteristics similar to the LABGENE fuel rods in a single setup, the evaluation using the
fuel performance code was carried out regarding the length of a single rod.
The power profile was assumed to be practically flat due to the fact that the intermediate

single rod in CAFE-Mod1 capsule will be exposed to the higher neutron flux inside the
reactor and consequently to more severe irradiation effects.
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CAFE-Modl presents the following design limits: maximum linear power peak rod:
14.94 kKWIft; maximum internal rod pressure: 1450 psia; and maximum temperature in the
cladding surface: 323°C [4]. Thus, the obtained results for these parameters must be lower
than the design limits.

First simulation was carried out addressing the design limit condition of CAFE device, i.e,
high enrichment and maximum linear power peak condition.

Obtained results have shown that the fuel centerline temperature for the higher studied
enrichment degree is about three times higher, as is shown in Figure 1. This can be explained
by the higher number of fissions produced in the more enriched fuel. The high number of
fissions promotes a higher fuel swelling and consequently the gap is lower for the rod
containing a more enriched fuel (Figure 2), conducing to a higher gap conductance.
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Figure 1. Fuel centerline temperature versus
burnup percentage obtained by simulations
considering a typical PWR enrichment and 4X a
typical PWR enrichment.
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Figure 2. Gap thickness versus burnup percentage
obtained by simulations considering a typical
PWR enrichment and 4X a typical PWR
enrichment.

As a consequence of the higher fuel temperatures, the cladding temperatures are also higher
for the more enriched fuel, as shown in Figure 3.
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Figure 3. Cladding outer surface temperature
versus burnup percentage obtained by simulations
considering a typical PWR enrichment and 4X a
typical PWR enrichment.

The higher number of fissions in the more enriched fuel releases about 30 times higher
amount of fission gases, as shown in Figure 4. Consequently, the gas pressure obtained in the
simulations with the more enriched fuel is also higher, as shown in Figure 5.
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Figure 4. Fission gas release versus burnup
percentage obtained by simulations considering a
typical PWR enrichment and 4X a typical PWR
enrichment.
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Figure 5. Internal rod gas pressure versus burnup
percentage obtained by simulations considering a
typical PWR enrichment and 4X a typical PWR
enrichment.

Results obtained by means of simulations performed with the two fuel enrichment studied
degrees have shown that the gap thickness remains open during all the rod life time due to the
thermal expansion of 348 stainless steel under irradiation, consequently there is no pellet-
cladding interaction phenomenon. The maximum strain increment (elastic + plastic), in both
studied cases, is lower than 1 %, assuring the integrity of the rod under the evaluated
irradiation conditions [9].

The results also have shown that using a fuel pellet with 4X a typical PWR enrichment the
estimated LABGENE maximum burnup level is reached in 220 irradiation days, considering
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the maximum linear power peak rod for CAFE. On the other hand, using a typical PWR
enrichment, it will be necessary 900 irradiation days to reach the same burnup level.

The gas pressures obtained for the two studied fuel enrichment degrees were lower than the
CAFE maximum internal rod pressure (1450 psia), assuring also the rod integrity in the
studied conditions.

The cladding outside temperature for the enrichment four times higher than a typical PWR
reaches the maximum value of 339°C, which exceeds the CAFE maximum temperature in the
cladding surface of 323°C [4]. Then, this parameter must be taking into account to assure the
rod cooling during the CAFE circuit operation, considering the use of UO, pellets with 4X a
typical PWR enrichment.

4. CONCLUSIONS

The obtained results have shown that the fuel rod integrity, in the studied simulated
conditions, is preserved in the CAFE experimental device, using a typical fuel PWR
enrichment degree as well as when it is about four times higher.

The main reason to use a higher fuel enrichment degree is to spend a less irradiation time to
reach the estimated LABGENE maximum burnup level compared to a typical fuel PWR
enrichment degree. The results confirmed this fact, indicating that it will be necessary about a
quarter of the irradiation time, when the UO, pellets have enrichment degree four times
higher than in a typical PWR.

For the cladding outer surface temperatures estimated in the simulations, it will be necessary
to carry out new experiments with the CAFE device, in order to evaluate that the cooling
system will be able to dissipate the generated heat produced by UO, pellets, using an
enrichment degree four times higher than in a typical PWR.

ACKNOWLEDGMENTS

CTMSP acknowledges the CNPqg for PIBITI undergraduate fellowship (Process no.
102917/2011-6).

REFERENCES

1. “The submarine that provides light,”
http://revistapesquisa.fapesp.br/?art=2038&bd=1&pg=1&Ig=en (2007).

2. J. T. A. Roberts, Structural Materials in Nuclear Power Systems, Plenum Press, New
York (1981).

3. G. A. Berna, C. E. Beyer, K. L. Davis, D. D. Lanning, FRAPCON-3: A Computer Code
for the Calculation of Steady-state, Thermal-mechanical Behavior of Oxide Fuel Rods for
High Burnup, NUREG/CR-6534 Vol. 2, PNNL-11513 (1997).

INAC 2011, Belo Horizonte, MG, Brazil.



4. P.C. Gomes, A. A. Maraslis, A. C. L. Costa, F. A. Esteves, J. G. Coura, R. A. N. Ferreira,
V. M. Lima, “Descri¢do do Circuito a Agua Fervente CAFE-Mod1”, Relatério interno,
CDTN-CTMSP (1985).

5. D. T. Hagrman, Code Manual Volume IV: MATPRO -- A Library of Materials Properties
for Light-Water-Reactor Accident Analysis, Idaho National Engineering Laboratory,
Idaho (1993).

6. D.R. Harris, “Neutron Irradiation Embrittlement of Austenitic Stainless Steels and Nickel
Base Alloys”, British Nuclear Energy Society, 5, pp.74-87 (1966).

7. G. E. Lucas, “The Evolution of Mechanical Property Change in Irradiated Austenitic
Stainless Steels”, Journal of Nuclear Materials, 206, pp.287-305 (1993).

8. J. R. L. Mattos, A. C. L. Costa, F. A. Esteves, M. S. Dias, “Projeto Integrado de
Irradiacdo para Qualificacdo de Varetas Combustiveis Tipo PWR”, Anais XI ENFIR, pp.
729-733 (1997).

9. “Nuclear Fuel Safety Criteria: Technical Review”, Nuclear Energy Agency (2001).

INAC 2011, Belo Horizonte, MG, Brazil.



