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1. Introduction 
 

The core of nuclear Light Water Reactors (LWRs) 
consists of fuel assemblies that contain hundreds of fuel 
rods. And fuel rods consist of zirconium alloy tubes 
containing uranium dioxide pellets. Because the 
zirconium alloy cladding is the most critical 
containment barrier for fission products released into 
the environment, its mechanical integrity is the most 
important concern. In view of mechanical integrity, 
stress and strain are the main factors that affect the 
cladding performance during normal or off-normal 
operation, which induces force interaction between 
pellet and cladding as shown in Figure 1.  

 

 
Fig. 1 Cladding failure by pellet and cladding 

mechanical interaction 
 
Many researchers have developed a fuel performance 

code with a one-dimensional (1D) approach so as to 
investigate the stress and strain of cladding during 
operation. In the case of a steady state and mild 
transient operation period, a 1D model that considers 
only the radial direction of the cladding is able to 
calculate the stress and strain of the cladding efficiently. 
However, in the case of a fast transient such as an 
Anticipated Operational Occurrence (AOO), it is 
difficult for a 1D model to simulate the stress and strain 
of the cladding accurately due to its modeling limitation. 
Moreover, for a Loss of Coolant Accident (LOCA), the 
cladding's large deformation, a so-called 'ballooning', 
has been observed. This large deformation along the 
radial and axial directions cannot be understood by 1D 
modeling. Consequently, Finite Element (FE) modeling, 
which can simulate a higher degree of freedom, is an 
indispensable requirement to understand the mechanical 
behavior of cladding during off-nominal operation.  

Previous studies have shown that an FE analysis 
should be introduced to simulate the cladding’s 

mechanical behavior associated with experiments for 
off-normal operation conditions. In particular, during 
LOCA, a ballooning rupture is a key failure mode of 
cladding which is caused by high rod internal pressure. 
To simulate the ballooning behavior of the cladding, a 
2D or 3D FE model should be introduced. [1, 2] 

In this work, a two-dimensional FE module, which 
will be integrated into a transient fuel performance code, 
has been developed. To solve the mechanical 
equilibrium of the pellet-cladding system taking into 
account the geometrical and material non-linearities, the 
FE module employs an effective-stress-function (ESF) 
algorithm, which can acquire stable and accurate 
computations. The fundamental theory of the ESF 
algorithm and an overall flowchart of the FE module 
were also studied. ANSYS 13.0, which is widely used 
in the mechanic fields, was employed as a commercial 
FE code. Verifications of the FE module for thermal 
and elastic analyses were performed using the results of 
ANSYS 13.0. Consequently, this demonstrates that the 
developed FE module is acceptable and reasonable. 

 
2. Implementation of Nonlinear FE Module 

 
The basic incremental equations for thermo-elasto-

plasticity-creep formulate the effective-stress-function 
algorithm for von Mises elasto-plasticity with isotropic 
hardening. Including thermo-elastic-plastic and creep 
deformations, the constitutive equations can be written 
as follows. 
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Where for time t + ∆ t 

Stt   = deviatoric stress tensor 

'ett   = deviatoric strain tensor 
Ptt e  = plastic strain tensor 
Ctt e  = creep strain tensor 

m
tt   = mean stress 

m
tt e  = mean strain 

Ett  , tt   = Young’s modulus and Poisson’s ratio 
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thtt e  = thermal strain 

 
Taking the scalar product of the formulas, we obtain 
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The coefficients b, c and d are constants that depend 

only on the known values, independent of 
tt 

, 

whereas the value of the coefficient ‘a’ varies with 
tt 

. 
[3] 

 
3. Evaluation 

 
To verify the developed FE module, a code-to-code 

benchmark was performed using commercial FE code 
ANSYS 13.0, which has been widely used as a reliable 
and efficient Finite Element code. [4] 

Twenty one axisymmetric quadrilateral elements, 
which include 8 nodes, were generated. The dimensions 
of the geometry are as follows: height, 4.9 mm; pellet 
radius, 5.0 mm; gap thickness, 0.06 mm; and cladding 
thickness 0.87 mm.  

 

 
(a) Temperature distribution 

 

 
(b) Comparison of temperature at node 

 
Fig. 2 Comparison of the thermal analysis results 

 
The assumptions are as follows: all materials were 

isotropic, the gap was considered as a solid material, 
and thermal contact effect was neglected. To calculate 
the temperature distribution, the boundary conditions 
are as follows: the body heat generation of the pellet is 

327.62 * 106 W/m3. Convection heat loss was only 
applied to the cladding outer surface. Convection 
coefficient and reference temperature are 1 * 105 W/m2 
K and 562.7 K, respectively. Using the material 
properties and boundary conditions, the temperature 
distribution can be calculated. Node temperatures at the 
bottom plane were compared with the results derived 
from ANSYS. The temperature of each node from the 
FE module shows good agreement against that of 
ANSYS, as shown in Figure 2(b). This demonstrates 
that the thermal module of the developed code is 
acceptable. 
 

4. Conclusion 
 

Nonlinear FE module has been developed to simulate 
the mechanical behavior of the cladding and pellet for 
transient conditions. The newly developed 2D FE 
module should include thermo-elastic-plastic-creep 
analyses as the pellet and cladding during off-normal 
operation are loaded by high hydrostatic pressure at 
high temperature. To resolve the complex finite element 
problem of thermo-elastic-plastic and creep, the 
Effective-Stress-Function (ESF) algorithm was adopted. 
To verify the developed FE module, a code-to-code 
benchmark was performed using commercial FE code 
ANSYS 13.0, which has been widely used as a reliable 
and efficient Finite Element code. Based on comparison 
results from thermal and mechanical analyses, the 
algorithm of the FE module is acceptable and 
reasonable. 
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