
ORNL/SPR-2023/2939 
 

   
ORNL IS MANAGED BY UT-BATTELLE LLC FOR THE US DEPARTMENT OF ENERGY 
 

Impact of LWR Assembly Structural 
Features on Cladding Burst Behavior 
under LOCA Conditions 

 

D. Schappel 
N. Capps 

July 2023 



 

 

 
 

 

DOCUMENT AVAILABILITY 
Reports produced after January 1, 1996, are generally available free via OSTI.GOV. 
 
 Website www.osti.gov 
 
Reports produced before January 1, 1996, may be purchased by members of the public from the 
following source: 
 
 National Technical Information Service 
 5285 Port Royal Road 
 Springfield, VA 22161 
 Telephone 703-605-6000 (1-800-553-6847) 
 TDD 703-487-4639 
 Fax 703-605-6900 
 E-mail info@ntis.gov 
 Website http://classic.ntis.gov/ 
 
Reports are available to US Department of Energy (DOE) employees, DOE contractors, Energy 
Technology Data Exchange representatives, and International Nuclear Information System 
representatives from the following source: 
 
 Office of Scientific and Technical Information 
 PO Box 62 
 Oak Ridge, TN 37831 
 Telephone 865-576-8401 
 Fax 865-576-5728 
 E-mail reports@osti.gov 
 Website https://www.osti.gov/  

 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference herein to 
any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
 

 



 

 

ORNL/SPR-2023/2939 
 
 
 

Nuclear Energy and Fuel Cycle Division 
 
 
 
 
 
 
 

IMPACT OF LWR ASSEMBLY STRUCTURAL FEATURES ON CLADDING BURST 
BEHAVIOR UNDER LOCA CONDITIONS 

  
 
 

D. Schappel 
N. Capps 

 
 
 
 
 
 
 
 
 
 

July 2023 
 
 
 
 
 
 
 
 
 
 

Prepared by 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, TN 37831 
managed by 

UT-BATTELLE LLC 
for the 

US DEPARTMENT OF ENERGY 
under contract DE-AC05-00OR22725 



 

 

 
 



 

iii 

CONTENTS 

CONTENTS ................................................................................................................................................. iii 
LIST OF FIGURES ...................................................................................................................................... iv 
LIST OF TABLES ........................................................................................................................................ v 
ABBREVIATIONS ...................................................................................................................................... vi 
ABSTRACT ................................................................................................................................................ vii 
1. INTRODUCTION ................................................................................................................................ 1 
2. MATERIAL CORRELATIONS ........................................................................................................... 1 

2.1 UO2 .............................................................................................................................................. 2 
2.2 ZIRCALOY ................................................................................................................................. 2 

3. METHODS ........................................................................................................................................... 2 
4. RESULTS ............................................................................................................................................. 7 

4.1 3D SIMULATIONS .................................................................................................................. 21 
5. DISCUSSION ..................................................................................................................................... 24 
6. SUMMARY ........................................................................................................................................ 24 
7. REFERENCES .................................................................................................................................... 25 
 



 
 

iv 
 

LIST OF FIGURES 

Figure 1. A representation of the 2D RZ mesh. ............................................................................................ 4 
Figure 2. Example using a boundary condition to enforce the restraint of a spacer grid. ............................. 5 
Figure 3. Plot of the rod average linear power vs. time. ............................................................................... 6 
Figure 4. Plot of an example cladding temperature vs. height behavior during normal operation 

and the LOCA. ................................................................................................................................. 6 
Figure 5. Plots of the hoop stress and hoop creep strain comparing the (a) original and (b) cubit 

generated mesh at end of simulation. ............................................................................................... 7 
Figure 6. (a) Original simulation with internal mesh generation. (b) Original simulation recreated 

with a mesh produced in Cubit. ........................................................................................................ 8 
Figure 7. Mesh sensitivity study. .................................................................................................................. 9 
Figure 8. Plot of the hoop creep strain at the end of the mesh sensitivity study. (a) Overview. (b) 

Close up of the balloon region. ...................................................................................................... 10 
Figure 9. Cladding displacement with grids. ............................................................................................... 11 
Figure 10. Grid displacement. ..................................................................................................................... 12 
Figure 11. Plot of the clad hoop creep strain from the sensitivity study with grids. (a) Overview. 

(b) Close up of the balloon region. ................................................................................................. 13 
Figure 12. Mesh sensitivity for the grids. .................................................................................................... 14 
Figure 13. Cladding creep strain as a function of axial position ................................................................. 15 
Figure 14. Cladding displacement for various spacer grid configurations. ................................................ 16 
Figure 15. Plot of creep strain at end of simulation, burst time using Chapman correlation for 

rupture temperature, and overstrain which it the 33.6% ultimate tensile strain. ............................ 17 
Figure 16. Plots of the cladding temperature at the failure times for (a) without the grids, (b) with 

the spacer grids. .............................................................................................................................. 18 
Figure 17. Profiles at end of simulation. ..................................................................................................... 19 
Figure 18. Plots of the (a) hoop creep strain, (b) radial creep strain, and (c) axial creep strain at 

strain rate failure with increasing rod initial fill pressure. ............................................................. 20 
Figure 19. Plots of the (a) hoop creep strain, (b) radial creep strain, and (c) axial creep strain at 

strain rate failure with increasing rod initial fill pressure. ............................................................. 21 
Figure 20. Quarter rod with grid boundary condition results. ..................................................................... 22 
Figure 21. (a) Plot of the hoop creep strain for the quarter rod at end of simulation with and 

without spacer grids. ...................................................................................................................... 23 
 

  



 
 

v 
 

LIST OF TABLES 

Table 1. List of material properties used in this work. ................................................................................. 2 
Table 2. List of fuel rod geometry. ................................................................................................................ 3 
Table 3. Burst results for various spacer grid configurations using rupture temperature criterion. ............ 15 
Table 4. Burst times for each criterion. ....................................................................................................... 19 
Table 5. List of burst times. ......................................................................................................................... 23 
 
  



 
 

vi 
 

ABBREVIATIONS 

2D RZ Two dimensions, radial and height 
3D three dimensions, Cartesian coordinates 
BDBA beyond design basis accident 
FFRD fuel fragmentation relocation and dispersal 
INL Idaho national laboratory 
LB LOCA large break loss of coolant accident 
LOCA  loss of coolant accident 
NFIR nuclear fuel industry research 
NRC U.S. Nuclear Regulatory Commission  
PWR pressurized water reactor 
RIL Research Information Letter 
TCR Transformational Challenge Reactor



 
 

 vii 

ABSTRACT 

The previous work focused on core optimization via neutronics, thermal hydraulics and thermos-
mechanical analysis for burnups beyond 62 GWD/tU and enrichments above 5%. Also investigated was 
uncertainty of fuel fragmentation relocation and dispersal in high burnup rods during accident conditions. 
The dispersal aspect of fuel fragmentation depends on cladding rupture. Thus, assessing uncertainties in 
the rupture behavior is helpful to estimating the dispersal of high burnup fuel. 

This report builds on the previous work by assessing the impact of assembly structural features on 
cladding balloon and burst behavior in a full-length fuel rod. In this work, the BISON fuel performance 
code was used to generate 2D RZ meshes containing structural features commonly used in nuclear fuel 
assemblies. Firstly, meshes were generated with spacer grids. Then results were then compared to the 
cladding burst temperature and balloon strain results from the previous work. A mesh sensitivity study 
was performed to ensure mixing veins and spacer grid effects were appropriately considered, resulting in 
a more refined mesh than the previous study. The balloon deformation and burst times of the cladding 
were compared to the original case. Consideration was also given to the effect of rod initial pressure. 
Overall, the BISON simulations indicated that the assembly structural features can locally influence 
cladding performance; however, the impact on the overall cladding performance was minor during a loss-
of-coolant accident. 
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1. INTRODUCTION 

The US nuclear fleet community is continuing to develop a technical basis to support burnup extension 
and, more specifically, to address the safety implications of high-burnup fuel fragmentation, relocation, 
and dispersal (FFRD) under a loss-of-coolant accident (LOCA) condition. Two approaches have been 
considered to date. The first is a deterministic and risk-informed approach intended to justify the 
classification of a large break LOCA (LB LOCA) as a beyond design basis accident (BDBA) and thus not 
requiring further consequence analysis to satisfy 10 CFR 50.46 [1]. The justification is predicated on the 
use of a leak-before-break analysis methodology, which has been used to determined that a double-
guillotine break has an extremely low probability of rupture, and, therefore, a risk-informed approached, 
as outlined in Regulatory Guide 1.174 [2], could be used to assess whether FFRD must be considered in 
standard deterministic LOCA analysis methodologies [3]. The probability of these events depend on the 
size of LOCA, but vary from about 10-4 to 10-9 [4]. 
 
The second approach intends to use a best estimate plus uncertainty approach to quantify cladding rupture 
and dispersal susceptibility [2, 5, 6, 7]. From there, the licensees can determine whether additional 
analyses (criticality, dispersed particle coolability, source term, etc.) must be performed to address safety 
subsequent concerns. Additionally, this approach supports the use of a no-burst criteria (i.e., cladding 
burst) and could be leveraged by the first approach to strengthen defense in depth. In the event of clad 
burst, there is the possibility of flow obstruction and local of coolability for that channel. Thus, designing 
the reactor to avoid clad burst and providing mechanisms for mitigating the consequences of the burst 
increases the defense in depth of the reactor. The approach outlined in the literature [2, 5, 6, 7] made a 
number of assumptions to ultimately calculate dispersal susceptibility that may increase or reduce the 
amount of fuel susceptible to dispersal. Of these assumptions, the cladding balloon behavior, transient 
fission gas release on cladding performance, and the impact of assembly structural features are 
particularly important to consider.  
 
The U.S. Nuclear Regulatory Commission (NRC) published a Research Information Letter (RIL 2021-13) 
[8] that used experimental data to describe five elements of FFRD. Two of the elements deal specifically 
with the balloon geometry and rupture timing. The first of the two suggests a cladding strain threshold 
exists, in which fragmented fuel will be prevented from relocating and being susceptible to dispersal. The 
second element intends to address concerns of pre-mature rupture by transient fission gas release. 
Previous work [2, 4, 5, 6] assumed that assembly structural features would limit FFRD to the grid zone in 
which the rupture occurred. However, the assembly structural features were not explicitly modeled, and, 
as a result, the cladding balloon across most of the rod exceeded the cladding strain threshold documented 
in the RIL. The purpose of this work is to investigate the impact of assembly structural features to clarify 
this assumption and corresponding uncertainties. Assembly structural features along with the cladding 
fuel rod were modeled in BISON during the steady state and LOCA transient. The behavior of the 
cladding was closely monitored during all periods of the simulation and compared to a simulation for 
which the structural features were not considered. During the transient, cladding strain (i.e., balloon 
geometry) was evaluated along with the burst conditions. The results were used to validate or correct 
assumptions made in the previous work.  
 
 

2. MATERIAL CORRELATIONS 

The material models used in this work are described in detail in the BISON repository maintained by 
Idaho National Laboratory (INL) [9]. A brief description of the material properties is given below.  
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2.1 UO2 

The Nuclear Fuel Industry Research (NFIR) [10] thermal conductivity model without gadolinium was 
used for UO2. The specific heat is from Luscher et al. [11]. The elastic modulus and Poisson’s ratio [12] 
were set to 200 GPa and 0.345, respectively, per BISON default settings. 
 
The creep model is from Allison et al. [13]. The coefficient of thermal expansion was set to a constant 
10−6 (-) as per the BISON default setting. The volumetric change was divided into densification [14], 
solid fission product swelling, and gaseous fission product swelling [13]. 
 

2.2 ZIRCALOY 

The zircaloy thermal conductivity is given by Allison et al. [13]. The specific heat is also based on data 
from Allison et al. [13]. The model uses linear interpolation between data points with values of about 
300–800 J/kg·K. The trend is about 300–350 J/kg·K until 1100 K, at which point it rapidly increases to 
about 800 J/kg·K at 1170 K, then returns to approximately 350 J/kg·K at 1250 K. 
 
The elastic properties were calculated with the MATPRO correlations [15], which are a function of 
temperature. The Erbacher [16] model was selected for the thermal creep. Irradiation creep was included 
in the simulations. Plasticity was not included in the final simulations. It was possible to include plasticity 
in the 2D simulations however the 3D simulations would not converge with plasticity. For consistency 
plasticity was removed from all simulations. However, the clad bursting occurred during the LOCA, 
where thermal creep dominated the clad deformation. Table 1 lists the material properties used in this 
work. 
 

Table 1. List of material properties used in this work. 
 UO2 Zircaloy 
Thermal conductivity Marion (NFIR) [10] Allison et al. [13] 
Specific heat Luscher et al. [11] Allison et al. [13] 
Thermal expansion BISON default RELAP5 [15] 
Creep Allison et al. [13] Erbacher [16] 
Swelling Rashid et al. [14] and 

Allison et al. [13] 
Luscher et al. [17] and 
[14] 

Elastic modulus BISON default MATPRO [15] 
Poisson’s ratio BISON default MATPRO [15] 
Rupture NA Blacker et al. [18] and 

Marcello et al. [19] 
 
 

3. METHODS 

The BISON fuel performance code [20, 21], developed by INL, was used to perform the simulations 
presented in this work. BISON is finite element code built upon the MOOSE [22, 23, 24] enabling rapid 
model development and simulation of complex 1D, 2D, and 3D geometries. The mesh geometries were 
developed in Cubit [18], developed by Sandia National Laboratory, and exported to BISON.  
  
This work leverages the 2D RZ fuel rod symmetry. It should be noted that fuel rods in a reactor will likely 
have asymmetric heating profiles resulting in potential asymmetric ballooning behavior. However, 
capturing the asymmetric temperature conditions experienced by the fuel rod would require 3D thermal 
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hydraulic boundary conditions. Another consideration is the fuel rod and assembly features geometry. 
The fuel rod and structural features are listed in  
 
Table 2, and an image of the features are shown below in Figure 1. Due to the aspect ratio of the fuel rod, 
Figure 1 simply shows small sections of the fuel rod containing the plenum, base, and a spacer grid.  
 

Table 2. List of fuel rod geometry. Grid and vane heights are the bottom of the features. 

 (mm) 
Total length 3894.4 

Active fuel length 3657.6 
Pellet radius 4.096 
Gap width 0.084 

Clad thickness 0.57 
Spacer grid height 38.1 
Mixing vane height 20.0 

Grid 1 604.51 
Grid 2 1166.22 
Grid 3 1719.85 
Vane 1 2015.89 
Grid 4 2273.48 
Vane 2 2569.53 
Grid 5 2827.11 
Vane 3 3123.16 
Grid 6 3380.74 
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a) b) c)  
Figure 1. A representation of the 2D RZ mesh. (a) Plenum.  (b) Spacer grid. (c) Base of the rod. 

 
There were challenges with adding the assembly structural features to the fuel rod simulation, ultimately 
resulting in convergence issues. Therefore, the standard boundary conditions were modified to address 
these challenges. Firstly, the thermal contact model was reworked to include options for explicit and 
partially explicit formulations where both or one of the surfaces (inner clad or outer fuel pellet) use the 
values from the previous timestep. To compensate, smaller timesteps were used especially during the 
LOCA portion of the simulation where the timestep size (dt) was limited to 4 ms or less.  
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The second modification was to record the previous two timestep values of the gap distance between the 
fuel and cladding. Thus, when nodes sometimes lost contact with their nearest neighbor on the opposing 
surface, the last recorded value would be used instead. Typically, within a few timesteps, contact is 
reestablished, and the model resumes using the values from the current time step. This prevented hot and 
cold spots from forming on the fuel and clad, respectively. 
 
The third modification is related to the second but is for the opposite (inner clad or outer fuel pellet) 
surface temperature. Postprocessors were used to record the average temperatures of the inner cladding 
surface in 100 mm increments. Then those values were imported into the thermal contact model. This 
allowed for consistent heat flow across the pellet/clad gap. While not essential for 2D, this modification 
was performed due to the difficulty in establishing contact between the cladding and spacer grids in 3D. A 
penalty Dirichlet boundary condition was generated to prevent the cladding from expanding beyond a 
specified radius within specified axial regions. Thus, the physical constraint of the spacer grids could be 
imposed without meshing and modeling the spacer grids explicitly. Figure 2 shows an example 24 mm 
tall segment of fuel and cladding with the boundary condition active on the middle 13 mm of the segment. 
The first image shows the cladding is allowed to creep down onto the fuel during operation. The second 
image shows the cladding is restrained from expanding past a radius of 4.755 mm, where the boundary 
condition becomes active. 
 

a) b)  

Figure 2. Example using a boundary condition to enforce the restraint of a spacer grid. (a) Shows that the boundary 
condition does not prevent the cladding creeping down onto the fuel, and (b) the cladding expands from the fuel, but 
part of the cladding is restrained by the boundary condition. This is extreme deformation for model testing purposes. 

The 3D simulations in this work are a quarter rod. A full rod with realistic spacer grids and mixing vanes 
was planned but was unsuccessful due to convergence issues. The 3D quarter rod simulations reuse the 
2D coolant temperature and power histories since circumferential symmetry is necessary for a 2D to 3D 
comparison. Also, the 2D and 3D simulations were adjusted to use the same boundary condition to allow 
for a more valid comparison.  
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This work specifically looks at high-burnup fuel rod performance; therefore, a fuel rod was selected from 
[2, 4, 5, 6] for the analysis. The fuel rod in question experienced two cycles of irradiation spanning 48 
months of irradiation; see Figure 3. The power history also included a 27-day refueling outage. The 
LOCA event was set to occur at the last hot full power set point. VERA-calculated axial power profiles 
were applied to generate the time- and spatially dependent axial power distribution. VERA also provided 
the time- and spatially dependent cladding temperature during the steady-state irradiation; see example in 
Figure 4. TRACE was used to generate the detailed LOCA thermal hydraulic temperature profile.  
 

 
Figure 3. Plot of the rod average linear power vs. time. 

 
Figure 4. Plot of an example cladding temperature vs. height behavior during normal operation and the LOCA. 
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4. RESULTS 

Cladding rupture is dependent on the fuel rod conditions at the time of the transient and thermal hydrulic 
conditions experienced by the fuel. Fuel rod failure typically occurres during the decay heat temperature 
rise that occurs after the blowdown phase of the LOCA, however, failure may ocurre during the initial 
heatup phase of the transient. Therefore, three cladding failure criteria were considered in this analysis to 
capture all failure mechanisms and ensure conservatism. The first is the rupture temperature, which 
depends on the heating rate (dT/dt) and the hoop stress [21]. The second is the overstrain criterion, which 
is a constant 0.336 hoop creep strain [19]. The third is a creep strain rate limit, which is fixed at 
2.78	×	10-2 s−1 [19]. The simulations in this work were terminated after the cladding ballooned 4.75 mm 
(19 mm max diameter). However, the predicted time for burst using the rupture temperature, over strain, 
and strain rate criterion were recorded and compared when considered relevant.   
 
 
This activity was carried out to build upon and compare results with those of previous work [25]. 
However, a new mesh had to be generated to capture the mixing veins and spacer grids, and the results 
had to be compared to the previos results to ensure consistency. The results of these comparisons can be 
seen in the figures below. Figure 5 compares the hoop stress and strain betweeen the original mesh and 
the new mesh, Figure 6a shows the results of the original simulation with internal mesh generation Figure 
6b shows the sresults for the mesh generated in Cubit for the purposes of adding grid spacers and mixing 
veins to the meshed geometry. Therefore, the max radial displacement will be the same at the end of the 
simulations. However, the timing of the end of the simulation, balloon shape, and location of the balloon 
can be different. However, the difference is fairly small and considered negligible. The only observable 
difference is the stress on the cladding. There did, however, appear to be a difference in the axial balloon 
geometry. The results of the original simulation and the Cubit mesh comparison show that the axial 
balloon is somewhat longer in the Cubit mesh, and the stresses are somewhat different. This is believed to 
be related to the mesh fidelity; therefore, a mesh sensitivity study was performed. 
 

a) b)  

Figure 5. Plots of the hoop stress and hoop creep strain comparing the (a) original and (b) cubit generated mesh at 
end of simulation. 

 

-20

0

20

40

60

80

100

120

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

H
oo

p 
St

re
ss

 (M
Pa

)

Height (m)

Stress Comparison

Original
Cubit Mesh

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

H
oo

p 
C

re
ep

 S
tr

ai
n 

(-)

Height (m)

Creep Strain Comparison

Original
Cubit Mesh



 

 8 

a) b)  

Figure 6. (a) Original simulation with internal mesh generation. (b) Original simulation recreated with a mesh 
produced in Cubit. Hoop stress profile in the fuel and cladding. Maximum radial displacement is 4.75 mm in both 

cases. 
 
The results of the mesh sensitivity study are shown in Figure 7 summarizes the results of the mesh 
sensitivity study. The study consisted of varying the number of axial mesh elements between 300 and 
1,500. Each mesh in the study assumed three radial elements and is not expected to impact the balloon 
strain or stress behavior. The results indicate that an axial mesh of 600 to 900 are sufficient to capture the 
cladding behavior. The hoop stress profile improved when the number of axial elements increased, as can 
be seen in Figure 7 a), b), and c). However, this behavior eventually saturated out as the fidelity as the 
axial mesh increased to 900 elements, see Figure 7 c), d), and e). The hoop creep strains are plotted in 
Figure 8. Figure 8 shows the convergence of the creep strain with increasing mesh density over the length 
of the rod and verifies the results in Figure 7. 
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a) b) c) d)  e)  

Figure 7. Mesh sensitivity study. (a) 300 axial elements, (b) 600 elements, (c) 900 elements, (d) 1200 elements, (e) 
1500 elements. The maximum stresses are 92, 85, 84, 84, and 84 MPa for the 300 to 1500 element case respectively. 
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a)  

b)  

Figure 8. Plot of the hoop creep strain at the end of the mesh sensitivity study. (a) Overview. (b) Close up of the 
balloon region. 

Axial spacer grids and mixing veins were then applied to the new mesh after it was verified that the new 
mesh was comparable to the original mesh. The results of the cladding performance with the assembly 
structural features are shown in Figure 9. The grids are effective at locally suppressing the clad ballooning 
in their localized areas. However, the grids are ineffective at preventing the cladding from bursting or 
significantly delaying the burst time.  
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a) b)  c) d)  

Figure 9. Cladding displacement with grids. (a) Burst location. (b-d) Top three spacer grids. 

The assembly structural features are typically made up of a zirconium alloy (Zircaloy) or Inconel 
material. Inconel is a stronger material than Zircaloy. However, at these elevated temperatures, both 
materials would be subject to deformation as a load is applied, and, therefore, it is important to capture 
this behavior to correctly calculate the cladding performance, and overall system performance. 
Mechanical clad–grid contact was applied to the outer clad and inner grid surfaces. The axial position of 
grids was maintained with the Dirichlet boundary condition. Convective heat removal via the coolant was 
set on the inner and outer grid surfaces. Thermal contact for the grids was neglected because the clad is in 
contact with the grids only during the LOCA, and therefore, the grid temperatures are set to the coolant 
temperatures predicted by the thermal hydraulic codes. Coolant pressure was also neglected because it 



 

 12 

applies to both sides of the grid. This behavior can be observed in Figure 10. The spacer grids begin 
bowing radially outward as the cladding begins to balloon. This result highlights the effect of the spacer 
grid on the balloon and confirms that the spacer grids were not rigid. Again, the clad hoop creep strain for 
this study is shown in Figure 11. This shows the convergence of the mesh as it is increasingly refined. 
 

a) b)  c)  

Figure 10. Grid displacement. (a-c) Top three spacer grids in order from highest to lowest. 
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a)  

b)  

Figure 11. Plot of the clad hoop creep strain from the sensitivity study with grids. (a) Overview. (b) Close up of the 
balloon region. 

Another important consideration is the interaction between the cladding and grid spacer / mixing vein. 
Therefore, a cladding mesh sensitivity study was performed to evaluate the local stress behavior of the 
cladding as it interacted with the assembly structural features. The results of the sensitivity study can be 
seen in Figure 12. The stress in the assembly features is of little concern, as the purpose of this study is to 
investigate the cladding performance. Therefore, the spacer grids were given constant 24 axial elements. 
This axial distribution results in the axial mesh distribution in the assembly feature being smaller than the 
cladding. The cladding axial mesh distribution was varied between 300 and 1500 axial elements, and, 
similar to the previous results, the mesh refinement converges at 900 axial cladding elements. 
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a) b)  c)  d)  e)  

Figure 12. Mesh sensitivity for the grids. (a) 300 axial elements, (b) 600 elements, (c) 900 elements, (d) 1200 
elements, (e) 1500 elements. The maximum stresses are 92, 85, 84, 84, and 84 MPa for the 300 to 1500 element case 

respectively. 

A set of simulations was also considered to evaluate opportunities to reduce ballooning or shift the burst 
location to a more favorable location (lower burnup). Three additional simulations were considered. The 
simulation labeled as “rod” refers to the simulation without spacer grids, “grid” considers the nominal 
cladding and spacer grid configuration, “adjusted” assesses the impact of spacer grid location by moving 
one to the burst location from the previous “grid” case, “long grid” increases the top spacer grid length 
from 38 mm to 650 mm, and “thick clad” doubles the cladding thickness to 1.2 mm along the entire rod 
while maintaining nominal spacer grid locations and lengths. Table 3 shows the burst times and heights 
for the various spacer grid configurations. The time to burst decreases by 5 s, and the burst temperature 
decreases by 30 K when the assembly structural features are added. This decrease in burst time appears 
associated with the constraint imposed by the structural features. The spacer grids reduce the 
displacement in localized areas, which reduces the total possible volume expansion of the cladding 
thereby producing somewhat higher gas pressures. Additionally, the displacement is concentrated in areas 
away from the spacer grids which produces a more rapid rupture. The thicker cladding has a longer burst 
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time due to the lower stress afforded by the increased thickness. The burst temperature is the cladding at 
burst which is controlled by the coolant temperature history. 
 
Table 3. Burst results for various spacer grid configurations using rupture temperature criterion. Zero height is at the 

bottom of the cladding tube. 
 

Time to Burst (s) Burst Height (m) Burst Temp (K) 

Rod 50.8 3.200 1081 

Grid 45.6 3.016 1057 

Adjusted 45.6 3.025 1057 

Long grid 41.3 2.905 1035 

Thick clad 74.0 3.178 1114 

 
The cladding creep strain at the respective burst times is plotted in Figure 13. The axial clad temperature 
reliably increases with height (see Figure 4) to the point where the linear heat rate peaks and then 
decreases. Thus, the creep strain is greatest in the upper areas of the cladding. The effect of the assembly 
structural features can be seen in the creep strain plot as the sudden and localized strain decreases. The 
minor decreases in the creep strain for the “rod” (without grids) is due to the local depression in heating in 
those areas, as the power and coolant temperature data are based on VERA depletion results considering 
the structural features’ impact on burnup suppression. The sudden drop in creep strain for the “long grid” 
case at about 2.9 m is due to the 650 mm tall top spacer grid effectively reinforcing the top part of the 
cladding. However, this partial reinforcement did not improve the burst time. 
 

 
Figure 13. Cladding creep strain as a function of axial position 

 
The displacements for each simulation are shown in Figure 14. The most interesting result was recorded 
when a spacer grid is moved over the nominal burst location. In this simulation, the balloon is unable to 
form in the preferred location; therefore, competing balloons form, resulting in BISON predicting a 
double balloon. In the case of the 650 mm tall grid, the balloon is predicted just under the top grid. In the 
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thick cladding case, the balloon is predicted below the top grid. The cause of the balloon location shifting 
from 3.016 to 3.178 m is unclear, but it may be due to the thicker cladding applying a larger axial restraint 
due to the larger 2× radial to axial ratio. 
 

a)  b)  c)  d)  e)  

Figure 14. Cladding displacement for various spacer grid configurations. Radial direction is exaggerated for 
visibility. (a) No grid contact, 3.2 m. (b) Nominal grid condition, 3.016 m. (c) Spacer grid moved to nominal burst 
location, 3.025 m. (d) Top spacer grid 650 mm tall, 2.905 m. (e) Cladding 2× thicker compared to nominal case, 

3.178 m. 

The impact of cladding burst criteria was also considered, as it may affect the simulation results. Two 
cladding failure criteria were considered: (1) the Chapman model [26] and (2) overstrain criteria [19]. A 
comparison of the simulation results can be seen in Figure 15, which summarizes the hoop creep strain at 
end of the simulation. The end of the simulation is when the cladding balloons to a 4.75 mm radial 
displacement.   
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Table 4 lists the burst time predicted for each failure mechanism. 
 
 
 
 
 
 
 

a) b)  

c) d)  

e) f)\  

Figure 15. Plot of creep strain at end of simulation, burst time using Chapman correlation for rupture temperature, 
and overstrain which it the 33.6% ultimate tensile strain. (a, c, and e) With spacer grids. (b, d, and f) Without 

spacer grids. 

 
Modifying the cladding burst criteria affects burst timing and temperature, but it also affects the cladding 
temperature profile. The clad temperature at the failure times is plotted in Figure 16. The rupture 
temperature criteria are clearly the most conservative failure model, resulting in failure occurring in the 
early stages of reflood. It should be noted that the effects of oxidation or oxygen content in the fuel were 
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not included in this work. However, delaying failure results in additional reflooding to occur, and 
although this will not significantly affect limiting relocation, experimental data suggest that hydrostatic 
pressures can reduce fuel fragmentation. Therefore, increasing the cladding rupture temperature may 
ultimately reduce fuel susceptibility to dispersal as less fuel will fragment into small fragments.  

a)  

b)  

Figure 16. Plots of the cladding temperature at the failure times for (a) without the grids, (b) with the spacer grids. 

 
The creep strain rate failure criterion narrowly avoids being reached early in the LOCA due to the very 
rapidly changing conditions and relatively small rate limit. However, the creep rate reaches a maximum 
during the balloon stage of the accident. The rupture temperature criterion is based on the heating rate 
(temperature time derivative) and the clad hoop stress. This limit is reached much later compared to the 
creep rate limit. The overstrain limit (33.6% strain) is reached at almost a minute and provides an upper 
bound for the burst time since this limit corresponds to the estimated ultimate tensile strain, which is the 
strain at the onset of plastic instability. Overstress or brittle failure is not expected for these conditions. 
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Table 4. Burst times for each criterion. Overstress failure was not predicted. 

Failure Criterion Grid Burst Time (s) Rod Burst Time (s) 

Creep Strain Rate 55.02 55.02 

Rupture Temperature 33.14 40.22 

Overstrain (ultimate 
tensile strain) 

58.72 61.37 

Overstress (brittle 
fracture) 

— — 

 
Figure 17 shows the radial displacement, clad temperature, hoop stress, and creep strain profiles around 
the balloon location near the top of the clad. The spacer grids can reduce the creep strain and hoop stress 
in their local areas. The key takeaway is that they do not negatively impact the overall balloon and burst 
behavior of the cladding. Additionally, FFRD will be limited to the region between the assembly 
structural features. 
 

a) b)  c)  d)  

Figure 17. Profiles at end of simulation. (a) Radial displacement. (b) Temperature. (c) Hoop stress. (d) Hoop creep 
strain. 
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The effect of initial rod internal pressure (RIP) was considered, and the results of these simulations are 
summarized in Figure 18 and Figure 19. Figure 18 characterizes the results for the simulations with the 
assembly structural features, whereas the results shown in Figure 19 do not consider the assembly 
structural features. Both studies leveraged the strain rate cladding failure criteria, as it has been shown to 
predict cladding rupture temperatures more accurately. The general trends are as expected and show the 
results were very similar to those previously presented. Failure occurred at 3.1 to 3.2 m from the bottom 
of the rods and a secondary concentration at about 3 m. The key takeaway from Figure 18 is that the 
cladding performance with the assembly features were not affected by the initial RIP.  
 
The hoop and radial creep strain directions are expected for an internal gas pressure. However, the 
additional axial creep strain at the spacer grid locations appears to be the result of the cladding bending at 
the ends of the spacer grids. The strain rate limit is reached earlier, above about 6 MPa initial fill pressure. 
Thus, the hoop and radial strains decrease. However, it was interesting to note that the axial strain reaches 
a maximum for a 6 MPa RIP. The creep strain at strain rate failure for the rods without spacer grids is 
shown in Figure 19. The results are fairly similar to those with the spacer grids. However, there is the 
notable lack of major discontinuities from the spacer grids.  
 

a) b)  

c)  

Figure 18. Plots of the (a) hoop creep strain, (b) radial creep strain, and (c) axial creep strain at strain rate 
failure with increasing rod initial fill pressure. 
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a) b)  

c)  
Figure 19. Plots of the (a) hoop creep strain, (b) radial creep strain, and (c) axial creep strain at strain rate failure 

with increasing rod initial fill pressure. 
 
 

4.1 3D SIMULATIONS 

Due to convergence and computational time issues, the quarter rod simulation was started about 115 days 
before the LOCA event. This does affect the final results, especially in the time to burst. The primary 
difference is that the gas pressure at the LOCA onset is only 4.4 MPa for the quarter rod but 14.0 MPa for 
the 2D rod due to the difference in fission gas release and burnup. There were other differences such as 
the fuel being in contact with the cladding for the 2D case, but not for the 3D case. This led to an  
80–100 K higher average fuel temperature for the 3D case. However, the clad temperature was nearly 
identical. 
 
However, the simulation did predict a balloon, and spacer grid boundary conditions did constrain the 
cladding in their respective regions. Some results from a quarter rod simulation are shown in Figure 20 
and Figure 21. The burst location was at about 3.16 m, which is somewhat higher than those predicted by 
2D simulations and the creep strain at lower heights is smaller than those previously predicted. 
Presumably, this may be due to different start time. However, the overall shape of the profiles is 
consistent with those predicted by the 2D simulations. Table 5 compares the burst times of the 3D and 2D 
simulations. It is presumed that the 2D simulations are more representative due to the 2D simulations 
including the operation phase of the simulation. 
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a) b)  

Figure 20. Quarter rod with grid boundary condition results. (a) Radial displacement and (b) creep strain 
magnitude. 
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a)  

b)  

Figure 21. (a) Plot of the hoop creep strain for the quarter rod at end of simulation with and without spacer grids. 
(b) Plot comparing 2D and 3D results without grids. 

 

Table 5. List of burst times. 

 3D without grids 
(s) 

3D with grids (s) 2D without grids 
(s) 

2D with grids 
(s) 

Strain Rate 76.85 76.33 55.02 55.02 
Rupture 
Temperature 

58.01 58.36 40.22 33.14 

Overstrain 78.33 77.51 61.37 58.72 
Overstress - - - - 
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5. DISCUSSION 

A major assumption in the previous assessment [5, 6, 7] is associated with the effects of the assembly 
structural features on FFRD. FFRD was assumed to be limited to the axial region between assembly 
structural features. However, the assembly structural features were not explicitly modeled, resulting in the 
local cladding strain exceeding the cladding strain threshold outline in the NRC RIL [2]. This work 
intends to address this technical gap and investigate the assumptions’ validity.  
 
The original simulation results were duplicatable with a Cubit mesh for the purposes of including the 
assembly structural features in the mesh, and the mesh was refined based on the results of the mesh 
sensitivity study. The grids did not require an additional boundary condition to maintain their radial 
position, and it was found that the grids locally depressed the clad deformation and temperature. The time 
to burst and burst temperature decreased somewhat due to the spacer grids concentrating the displacement 
in certain areas of the clad. A point of note is spacer grids were allowed to mechanically deform and were 
not fixed in place thereby unrealistically restricting cladding displacement. Therefore, spacer grids, at 
least of traditional designs, appear not to negatively impact balloon burst behavior or impact; however, 
the spacer grids do locally limit ballooning and limit FFRD to the region of fuel between the spacer grids.   
 
The effect of the grids can be clearly seen in the sudden and local reductions in hoop and radial creep 
strains. The axial creep strain increased in the region in which the spacer grids were located. This appears 
to be due to the neighboring areas experiencing comparatively greater deformation and axially pulling the 
cladding located under the grid. It was also noted that the location of the grids did affect the burst 
location. However, increasing the time to burst was not achievable without major modifications to the 
spacer grids. Thus, it may be possible to use the spacer grids to direct the burst to a more desirable 
location to mitigate the effects, but the event cannot be prevented with this technique. 
 
The effect of rod initial pressure was considered, and it was found that the RIP reduced the creep strain at 
burst when using the rupture temperature criterion. The overstrain criterion, since the failure strain limit is 
constant, did not see any changes at burst. However, it was noted that the predicted axial and radial strains 
increased with higher RIPs. 
 
Simulations in 3D proved to be difficult and computationally expensive. Although full 3D rods with grids 
were planned and seemed doable, convergence was found to be a continual problem. It remains somewhat 
unclear as to the cause of the convergence issues. However, it appears to be related to the gap contact 
combined with the relatively high creep rate of the cladding. There is also an issue with the thousands of 
timesteps required for these simulations and size of the 3D meshes. A first-order full rod with spacer grids 
is about 40 MB. It is expected that the simulation, if successful, would take about a month to complete. 
The mesh could be coarsened. However, based on the results of the mesh sensitivity study, this would 
reduce the accuracy of the results, which is the primary purpose of performing a 3D simulation instead of 
a 2D RZ simulation. Given the events with a single 3D rod, the 3×3 array of rods was not attempted. 
Overall, it was found that 2D RZ simulations are more practical for most purposes at this time. 
 
 

6. SUMMARY 

The Cubit based mesh was found to compare well to the original internally generated mesh. Spacer grids 
were added to the 2D RZ model and were found to both restrain the cladding and deform with the 
cladding. This provided confidence that the spacer grids were functioning as intended without the 
development of additional boundary conditions.  
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The effect of the spacer grids was about as would be expected. The spacer grid essentially acted to double 
the cladding thickness in local regions. The regions without a spacer grid were effectively thinner and 
more deformed compared to the spacer grid regions. Thus, the placement of the spacer grids could be 
used to limit FFRD to specific axial regions of the cladding. However, burst time was not significantly 
affected. Also, in 2D, the spacer grid is revolved around the cladding and thus has full contact with the 
entire perimeter of the cladding, which is different from an actual spacer grid that has contact at four 
points. As a result, the ability of the spacer grid to move the burst location would be more limited than the 
2D simulations suggest. Also, the spacer grids did locally reduce the deformation of the cladding, which 
reduced the temperature locally in the fuel. However, the average rod temperature was not significantly 
affected.  

 
3D simulations remain a topic for future work. The stability of the contact between the fuel–cladding and 
cladding–spacer grids is a convergence issue. Also, it may prove beneficial for the cladding models and 
UO2 creep model to be more stable. Lastly, additional computational resources will be required for 3D 
simulations to be of realistic use for reactor design. As was found in the TCR program, models must be 
able to produce results within about three days for them to be effective for engineering purposes. 
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