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ABSTRACT 

 
Maintaining integrity of the cladding in light water reactor fuel rods is essential for 
ensuring that it fulfills its role of preventing fission product release.  Local geometric 
irregularities in fuel pellets caused by manufacturing defects known as missing 
pellet surfaces (MPS) can in some circumstances lead to elevated cladding 
stresses that are sufficiently high to cause cladding failure.  Accurate modeling of 
these defects can help prevent these types of failures.  The BISON fuel 
performance code developed at Idaho National Laboratory is capable of modeling 
fuel in either 2D or 3D, and can be used to simulate the global thermo-mechanical 
fuel rod behavior, including evolution of the thermal and mechanical properties of 
the fuel as it undergoes fission, fission gas production and release, and the effect 
of that gas on the thermal conductivity across the fuel-clad gap.  Local defects can 
be modeled by directly including them in the 3D fuel rod model.  This allows for the 
complete set of physics used in a fuel performance analysis to be included 
naturally in the computational representation of the local defect, and for the effects 
of the local defect to be coupled with the global fuel rod model.  This approach for 
modeling fuel with MPS defects is demonstrated and the benefits of this approach 
are highlighted.  The effects of varying parameters of the MPS defect are studied 
using this technique and presented here. 

 
1.  Introduction 
 
The cladding of light water reactor fuel rods serves as a first barrier against fission 
product release.  Consequently, it is important to design fuel and limit the conditions 
imposed on it to prevent cladding failure due to mechanical interactions with fuel 
pellets.   Cladding stresses can be effectively limited by controlling power increase 
rates.  However, manufacturing defects known as missing pellet surfaces (MPS) in 
fuel pellets can cause conditions that can potentially lead to cladding failure [1][2].  
Accurate modeling of these defects can help prevent these types of failures. 
 
Nuclear fuel performance codes commonly use a 1.5D (axisymmetric, axially-
stacked, one-dimensional radial) or 2D axisymmetric representation of the fuel rod.   
To study the influence of MPS defects on the cladding, results from 1.5D or 2D fuel 
performance analyses are typically mapped to thermo-mechanical models that 
consist of a 2D plane-strain slice or a full 3D representation of the geometry of the 
pellet and clad in the region of the defect [2][3]. 
 
There are three main potential sources of error due to mapping results from global 
fuel rod simulations to local 2D or 3D models of the defect.  The first of these is that 
errors can be introduced in mapping results from a fuel rod model to provide the 
boundary conditions for a local model of the defect region.  Secondly, the 
fuel/cladding system is influenced by multiple coupled physics, all of which influence 
both the global behavior of that system as well as the behavior in the region of a 
defect.  These physics and behavior models are typically included in a fuel rod 
simulation, but may not necessarily be included in a local model of the region near 



the defect.  Finally, the geometry of the MPS defect is inherently 3D.   Problems can 
arise due to the use of reduced dimensionality models of the defect region. 
 
To address the sources of error outlined above, a 3D coupled multiphysics fuel 
performance code is used to model sections of fuel rods that include a pellet with a 
defect.  A single 3D model is used to model both the global fuel performance and the 
local effects of the defect, so there is no need to map results between two models.  
The complete set of coupled physics and behavior models used in the fuel rod 
simulation is also used to model the region of the defect, and because the model is in 
3D, its dimensionality is appropriate for the phenomena it is used to simulate.  
 
2.  3D Multiphysics Fuel Modeling Code 
 
The BISON fuel performance code [5] developed at Idaho National Laboratory (INL) 
is used in this work.  BISON is an application built on the Multiphysics Object-
Oriented Simulation Environment (MOOSE) multiphysics framework [6], also 
developed at INL.  MOOSE is a massively parallel finite element framework for 
implicitly solving tightly coupled sets of partial differential equations using the 
Jacobian-Free Newton Krylov method.  MOOSE supports 2D and 3D meshes, and its 
architecture facilitates adding new material models and coupled physics. 
 
BISON uses the MOOSE framework to solve the coupled equations relevant to fuel 
performance.  It can solve the heat conduction, species diffusion, and solid 
mechanics equations, and provides constitutive and behavior models that are 
dependent on those physics.  Its thermal conductivity models are dependent on 
temperature, porosity, and burnup.  Models are provided for swelling, densification, 
and creep due to temperature and irradiation.  Relocation and smeared cracking 
models account for fracture.  Fission gas production and release are also modeled. 
 
BISON employs either a 2D axisymmetric or 3D representation of the full fuel rod.  
Finite elements using either a linear or quadratic interpolation of the field variables 
can be used.  A master-slave contact algorithm is used for both mechanical and 
thermal contact between the fuel pellets and the cladding.   
 
The contact algorithm consists of a geometric search phase, in which nodes on the 
slave surface are paired with the element faces on the master surface onto which 
they are currently projected, and an enforcement phase.  In the enforcement phase, 
mechanical contact is enforced using penalty constraints that push nodes that have 
penetrated the master surface to that surface, and the contact force is distributed to 
the nodes connected to the master face.  BISON can currently enforce either 
frictionless or tied contact.  Frictionless contact is used in the work presented here.  
Frictional contact forces play an important role in this type of simulation, and work is 
currently underway to implement this capability in BISON.  Heat transfer across the 
gap is calculated using a gap conductance model that is a function of distance, fill 
gas composition, and contact pressure. 
 
3.  Models of fuel rod segment with defects 
 
BISON is used to simulate the effects of MPS defects on the pellet and cladding in 
the region of those defects.  A rod segment containing a small number of pellets is 
modeled in detail in 3D, and the geometric details of the MPS defect is included in 



the single computational model used to calculate both the general fuel behavior and 
the local effects in the region of the defect. 
 
Figure 1 shows two finite element meshes of rod segments with imperfections used 
in this work.  A constant-depth missing surface extends over the full depth of a pellet 
at the center of the five-pellet segment in each of these models.  One case has a 
0.25mm deep defect, and the other has a 0.5mm deep defect.  Both of these models 
are run under the same conditions to study the effect of varying the imperfection 
depth.  The models take advantage of a symmetry plane passing through the center 
of the defect, and boundary conditions are applied to enforce symmetry conditions.  
 
Both models have 106589 nodes and 22578 20-noded quadratic elements.  
Quadratic elements are used for both the fuel and the cladding because they 
smoothly represent 3D curved geometry for thermal and mechanical contact. 
Running these models over a representative time history of approximately 2.5 years 
typically requires around 90 time steps.  Each model was run with 160 cores on a 
computer with 2.4 GHz, 8-core AMD Opteron processors, and required approximately 
11 hours to complete. 
 

   
 
0.25mm defect 0.5mm defect 0.25mm defect 0.5mm defect

Figure 1: Computational meshes of rod segments with a defective pellet 
 
Coupled heat conduction and solid mechanics equations are solved.  The pellets 
have temperature and burnup-dependent conductivity and swelling, and are modeled 
as linear elastic with thermal expansion.  Although BISON has capabilities to model 
relocation, cracking, and creep in oxide fuel, these features were not used in the work 
presented here.  These are important for realistic modeling of fuel, and including 
them in analyses of this type will be the subject of future work. 
 
The cladding material has constant thermal conductivity and a combined creep and 
plasticity model is used for the mechanical constitutive behavior.  Cladding creep is 
dependent on both temperature and fast neutron flux.  Fission provides a volumetric 
heat source to the fuel. 
 
Thermal conductance across the fuel/cladding gap is based on distance, roughness, 
gas composition, and surface emissivity.  A flux boundary condition is used to model 
heat transfer from the cladding to the coolant.  This boundary condition employs a 
constant convection coefficient to calculate the flux between the cladding surface, 
which has a calculated temperature, and the fluid, which has a prescribed 
temperature. 



 
The fission rate is uniformly distributed both axially and radially.  The idealized power 
history shown in Figure 2 is applied to the models in this study.  It includes an initial 
power-up, base irradiation that includes holding the power constant for a time and 
then slowly ramping it down, and then a power ramp after 7e+7 seconds.  The power 
ramp is expected to cause elevated stress and strain in the region of the defect due 
to pellet-clad mechanical interaction. 
 

 

 
 

Figure 2: Idealized power history 
 

4. Results 
 
The MPS defect causes elevated temperature at the center of the pellet and in the 
region of the pellet adjacent to the defect due to decreased conductance across the 
gap at the defect.  The clad temperature is reduced in the area immediately across 
from the defect, and is elevated in neighboring areas.  These effects can be seen in 
Figure 3(a), which shows the pellet and clad temperature at the end of the ramp, and 
in Figure 3(b), which shows just the clad, with displacements magnified 15x.  As 
expected, the effects of the MPS defect are more pronounced with the deeper defect. 
 
The distance between the pellet and the clad is much greater adjacent to the MPS 
defect than it is for undamaged pellets.  This causes a dramatic decrease in the 
conductance across the gap and a corresponding decrease in heat transfer between 
the pellet and clad adjacent to the defect.  The temperature is thus elevated in the 
fuel near the surface with the defect.  Because of the higher fuel temperature, the 
cladding temperature is elevated around the boundaries of the defect, where the gap 
conductance is unaffected by the defect.  Immediately adjacent to the defect, the 
cladding temperature is significantly decreased because of the lower gap 
conductance. 
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 0.25mm defect 0.5mm defect      0.25mm defect  0.5mm defect 
  (a) pellets and clad     (b) clad only (15x displacements) 

Figure 3: Temperature at end of power ramp 
 
Figure 4 shows the mechanical effects of the MPS defect.  Figures 4(a), 4(b), and 
4(c) show contour plots of the von Mises stress, hoop stress, and effective creep 
strain in the cladding, respectively.  These are shown with displacements magnified 
15x at the end of the power ramp for the two different defect depths.  For both of 
these cases, there are pronounced pellet-clad mechanical interaction (PCMI) effects.  
The clad across from the defect bends inward due to the coolant pressure, and is 
supported around the boundaries of the defect in the pellet containing the defect and 
on the rims of the pellets above and below the defect.  These regions have high 
contact pressures and elevated stresses in the cladding.  This region exhibits 
classical plate bending behavior, with high tensile stresses in the interior of the 
cladding and high compressive stresses on the exterior of the cladding at the center 
of the defect.  Around the boundaries of the defect, the stresses are reversed, with 
high compressive stresses on the cladding interior and high tensile stresses on the 
cladding exterior. 
 
Cladding creep has a significant effect in relaxing stresses, both during the base 
irradiation and during the power ramp.  As shown in Figure 4(c), the creep strains are 
low adjacent to the defect, but high around the boundary of the defect.  This is largely 
due to the fact that temperatures are lower adjacent to the defect and higher around 
its edges. 
 
To determine the effect of creep relaxation during the power ramp, the model with the 
0.5mm defect was run with the same set of parameters as the baseline run, but with 
a much faster ramp rate.  The ramp was applied over 10000 seconds instead of the 
baseline 50000 seconds.  Figures 5(a) and 5(b) show the hoop stress at the end of 
the ramp for the baseline and accelerated power ramps, respectively.  The stresses 
are higher with the accelerated power ramp, indicating that cladding creep during the 
ramp has a measurable stress-relieving effect. 



      
0.25mm defect     0.5mm defect        0.25mm defect      0.5mm defect 
 (a) von Mises stress       (b) Hoop stress 
 

 
0.25mm defect     0.5mm defect 

(c) Effective creep strain 
Figure 4:  Stress and strain at end of power ramp (15x displacements) 

 
 
 

 
(a) baseline (b) high ramp rate (c) glued contact

Figure 5:  Effect of ramp rate and glued contact on hoop stress (15x displacements) 
 



Contact friction between the fuel and cladding is another effect that significantly 
influences cladding mechanical behavior near the defect.  As mentioned previously, 
BISON can currently model frictionless and glued contact, but not frictional contact.  
Frictionless contact was used in the models presented here.  The 0.5mm deep defect 
model was also run with the baseline set of parameters, but with glued contact, which 
allows no tangential slip once mechanical contact is established.  The hoop stresses 
at the end of the power ramp are shown in Figure 5(c) for comparison with the 
baseline model that used frictionless contact in Figure 5(a). The increased constraint 
around the boundaries of the defect due to glued contact result in significantly higher 
tensile stresses on the cladding interior at the center of the defect.  The actual result 
is likely bounded by the results obtained using the frictionless and glued contact 
models.  This clearly demonstrates the need for a frictional contact model.  Work is 
currently underway to enable frictional contact in BISON. 
 
MPS defects clearly have a significant effect on the mechanical response in the 
cladding in the region of the defect.  As shown in the analyses presented here, larger 
defects result in elevated stresses in the cladding.  Stresses increase with increased 
fuel swelling.  Because fuel relocation and cracking cause lateral expansion, it is 
expected that including those effects will result in increased stresses in 3D models of 
MPS defects.   
 
5. Summary 
 
The BISON coupled-physics code running on parallel computers enables detailed 3D 
modeling of fuel rod segments to study the effects of localized imperfections in fuel 
pellets.  This allows the full set of physics and behavior models used in a fuel 
performance simulation to be used in studies of local pellet defects.  This modeling 
approach is demonstrated on a study of the effects of MPS defects with varying 
depths on the thermal and mechanical response of the fuel and cladding.  These 
results can be used with an appropriate failure criterion to determine whether there is 
an elevated risk of leakage due to cracking. 
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