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ABSTRACT 

Irradiation of nuclear fuel to high-burnup values increases the potential for fuel failure during normal and 
accident conditions involving transport and storage.  The objective of this work is to investigate the 
consequences of potential fuel failure on criticality safety and external dose rates for spent nuclear fuel 
(SNF) storage and transport casks, with emphasis on high-burnup SNF.  Analyses were performed to 
assess the impact of several damaged/failed fuel scenarios on the effective neutron multiplication factor 
(keff ) and external dose rates.  The damage or failure was assumed to occur during use in storage or 
transport, particularly in an accident.  Although several of the scenarios go beyond credible conditions, 
they represent a theoretical limit on the effects of severe accident conditions.  Further, the results provide 
a basis for decision making with regard to failure potential and a foundation to direct future investigations 
in this area. 
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1 INTRODUCTION 

The burnup for fuel discharged from light-water reactors is continuing to increase, with target burnup 
values of 70 to 80 GWd/MTU desired by industry.  Irradiation to these high-burnup values increases the 
potential for fuel failure due to the increased degradation of fuel and clad material properties with the 
associated intense radiation exposure.  The objective of this work is to investigate the consequences of 
potential fuel failure on the criticality safety and external radiation dose rates for spent nuclear fuel (SNF) 
storage and transport casks.  The consequences associated with failure of high-burnup SNF are of 
particular interest.  
 
For the purposes of this study, all internal and external cask structures were assumed to remain intact, 
including the baskets containing the fuel assemblies and neutron poison materials.  Licensing-basis 
assumptions were used for baseline calculations, so that comparisons of the effective neutron 
multiplication factor (keff ) and external dose rates could be made between the baseline and the failure 
scenarios being evaluated.  For criticality analyses, the cask was assumed to be flooded, while for dose 
assessment, the cask was assumed to be dry.  The analyses were performed assuming uniform presence of 
damaged/failed fuel for several postulated scenarios, and the impact of each scenario on the relevant 
safety parameters (i.e., keff  and external dose rates) was assessed.  Although the scenarios considered go 
beyond credible conditions, they represent a theoretical limit on the effects of severe accident conditions. 
 
For each cask design considered, reference fuel specifications (e.g., enrichment, burnup, and cooling 
time) were used.  For the criticality analyses, the reference specifications were selected to correspond to 
keff  values consistent with the recommended regulatory limit of 0.95.1,2  For the dose assessment, the 
reference specifications were selected to represent high-burnup fuel, and thus the corresponding dose 
rates may not meet the recommended regulatory limits under normal conditions.  In each case, the 
increase in the relevant safety parameter is of interest. 
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2 FUEL FAILURE SCENARIOS AFFECTING 
CRITICALITY SAFETY 

The criticality safety analyses were performed assuming uniform presence of damaged/failed fuel for 
each postulated failure scenario, and the impact of each scenario on keff was assessed with respect to 
undamaged fuel conditions.  Although not a limiting condition of the analyses, the fuel damage/failure 
was assumed to occur during use in storage or transport, particularly in an accident.  As the radial neutron 
leakage from storage/transport casks is small, many of the criticality analyses were performed with three-
dimensional (3-D) basket-cell models, using reflective boundary conditions to represent an infinite radial 
array of cask basket cells containing fuel assemblies.  The applicability of these models was verified via 
comparison to full 3-D cask models for selected cases.   
 
The casks and fuel assembly specifications considered are described below.  Two of the casks are based 
on the Holtec HI-STAR 100 System3 and are designed to accommodate fresh fuel, while the other is a 
conceptual cask design that relies on burnup credit for criticality safety.  As fuel reactivity is sensitive to 
the internal cask basket structure, criticality investigations were performed with all three casks: 
  
• Holtec HI-STAR MPC-24 cask,3 which is licensed for storage and transport of 24 fresh pressurized-

water-reactor (PWR) fuel assemblies, loaded with Westinghouse (WE) 17 × 17 fuel assemblies with 
an initial enrichment of 4.0 wt % 235U.   

 
• Holtec HI-STAR MPC-68 cask,3 which is licensed for storage and transport of 68 fresh boiling-water-

reactor (BWR) fuel assemblies, loaded with General Electric (GE) 8 × 8 fuel assemblies with an 
initial enrichment of 4.5 wt % 235U.  Consistent with regulatory guidance,1,2 no burnable poisons were 
included in the fuel assemblies. 

 
• GBC-32 cask,4 which is a generic 32-PWR-assembly cask design that was developed as a burnup-

credit computational benchmark.  Westinghouse 17 × 17 fuel assemblies with an initial enrichment of 
5.0 wt % 235U, burnup values of 45 and 75 GWd/MTU, and a cooling time of 5 years were 
considered.  Both uniform and distributed axial-burnup distributions were considered. 
 

Potential failed fuel configurations may vary significantly, and hence there is a large degree of uncertainty 
in defining these configurations.  For the criticality safety analyses in this section, five different fuel 
failure scenarios that would impact criticality safety were defined and studied.  These scenarios are 
described below.  Several of these scenarios go beyond credible conditions (e.g., the loss of fuel or 
structural material without any plausible explanation for where the material went and the artificial 
suspension of fuel pellets in water), and they merely represent a theoretical limit.  The establishment of 
credible configurations to be used for the evaluation of a particular design must be addressed separately. 
 

Scenario 1. Individual fuel rod collapse resulting in rods being absent from the assembly lattice.  
This is significant because fuel assemblies are designed to be undermoderated, and the 
loss of fuel pins from the lattice results in increased moderation, which can increase keff. 

 
Scenario 2. Loss of fuel rod cladding.  The loss of cladding provides space for more water around 

the fuel pins, which increases moderation of the lattice and subsequently increases keff. 
 



Fuel Failure Scenarios Affecting Criticality Safety              Section 2 

4 

Scenario 3. Collapse of fuel rods to form zones of optimum-moderated fuel pellets.  Collapse of 
fuel rods and disintegration of fuel hardware and cladding are assumed to leave each 
cask basket full of fuel pellets (cylinders) at optimum spacing.   

 
Scenario 4. Axial regions with no neutron poison in the basket.  Loss of the assembly hardware 

and/or spacer allows the fuel assemblies to slip into an axial region with no neutron 
poison coverage in the basket. 

 
Scenario 5. Variation in fuel rod (without cladding) pitch.  Fuel rods without cladding are allowed 

to increase in pitch in a regular lattice within the basket cell until either the optimum 
pitch is reached or the outer rods reach the cell walls.  If the latter occurs, rows of fuel 
rods are removed from the lattice and the pitch is allowed to increase further.  The 
intention is to find the maximum keff associated with such variations. 

 

2.1 DESCRIPTION OF CASK MODELS 

Using KENO V.a, a part of the SCALE computer code system,5 3-D full-cask and basket-cell models 
were developed to perform criticality safety calculations for scenarios 1, 2, 4, and 5.  A KENO-VI model 
of each cask basket cell was used for scenario 3 to use the dodecahedron and dodecahedral array 
geometry capability of this code.  In each model, full water flooding was assumed, including water in the 
gap between the fuel pellets and cladding (where cladding is assumed to be present).  The important 
dimensions associated with both full-cask and basket-cell models of each cask are given in Table 1. 
 
The basket-cell models are reflected to form an infinite radial array of fuel baskets.  With the exception of 
scenario 4, the cask top and bottom are not included in the basket-cell models.  The model used for 
scenario 4 includes the cask baseplate, since it becomes neutronically important as the fuel assembly is 
allowed to slip downward.  Also, the walls in the basket-cell model for scenario 4 extend to the floor of 
the cask, which is modeled as 30 cm below the bottom of the fuel.  However, the Boral plates remain 
aligned axially with the original location of the active fuel and were assumed to be the same length as the 
active fuel region. 
 

Table 1  Cask and basket-cell dimensions 

Dimension       MPC-24 GBC-32 MPC-68 

Active fuel length (cm) 365.76 365.76 381.0 

Cask wall, steel thickness (cm) 21.86 20.0 15.24 

Cask baseplate, steel thickness (cm) 21.59 30.0 21.59 

Cask top, steel thickness (cm) 39.37 20.0 39.37 

Water below active fuel (cm) 10.16 30.0 18.542 

Water above active fuel (cm) 15.24 30.0 21.488 

Basket wall, steel thickness (cm) 0.7938 0.75 0.635 

Basket pitch (cm) 27.374 23.7565 16.332 

Boron loading (10B g/cm2) 0.02 0.0225 0.0279 
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The atom densities for the fuel used in each of the three cask models are given in Table 2.  Compositional 
data for fuel in the GBC-32 cask were calculated with the SAS2H sequence of SCALE for uniform 
burnup values of 45 and 75 GWd/MTU and a cooling time of 5 years.   
 
 

Table 2  Atom densities for fuel 

Nuclide MPC-24 GBC-32 
(45 GWd/MTU) 

GBC-32 
(75 GWd/MTU) 

MPC-68 

O-16 4.693E−02 4.69E−02 4.69E−02 4.693E−02 

U-235 9.505E−04 3.17E−04 9.65E−05 1.023E−03 

U-238 2.252E−02 2.07E−02 2.02E−02 2.246E−02 

U-234  5.85E−06 4.10E−06  

U-236  1.48E−04 1.64E−04  

Np-237  1.59E−05 2.63E−05  

Pu-238  5.58E−06 1.58E−05  

Pu-239  1.49E−04 1.48E−04  

Pu-240  5.71E−05 7.99E−05  

Pu-241  2.91E−05 3.84E−05  

Pu-242  1.35E−05 3.62E−05  

Am-241  8.72E−06 1.16E−05  

Am-243  3.13E−06 1.26E−05  

 
 

2.1.1 MPC-24 Cask Model 

The MPC-24 cask model is based on the Holtec HI-STAR 100 system with the MPC-24 canister.3  
For this analysis, the cask was loaded with fresh PWR assemblies enriched to 4.0 wt % 235U.  The fuel 
assemblies are based on WE 17 × 17 fuel assemblies but have all of the top and bottom end fittings, grid 
spacers, and other hardware removed.  Each assembly has 264 fuel pins and 25 guide/instrument tubes, 
which are modeled as zirconium cylinders filled with water. 
 
Figure 1 shows a slice of the MPC-24 basket-cell model, including the cell walls, Boral panels, and a 
thickness of water to provide the proper basket pitch when the model is reflected radially.  The fuel 
baskets into which the assemblies are placed are made of stainless steel and are 365.76 cm in length to 
match the active fuel length.  Boral panels are attached on the outside of each basket-cell wall and are also 
modeled the same length as the active fuel.  A water gap is present between basket cells, forming a flux 
trap for thermal neutrons.  The boron loading in each Boral panel is 0.02 g 10B/cm2. 
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Figure 1  MPC-24 basket-cell model 

 
 

2.1.2 GBC-32 Cask Model 

The GBC-32 cask model is based on a generic high-capacity PWR fuel assembly cask originally designed 
as a computational benchmark for burnup-credit calculations, as described in Ref. 4.  This cask is 
included to allow a comparison of consequences between high-burnup fuel and fresh fuel.  As shown in 
Table 2, the fuel compositions used for the criticality calculations include only the actinides used in Ref. 4 
and do not include fission products. 
 
As with the MPC-24 model, the fuel assemblies in the GBC-32 cask are based on WE 17 × 17 fuel 
assemblies and are modeled without the top and bottom end fittings, grid spacers, and other hardware.  
Cases with both uniform axial burnup and distributed axial burnup based on the representative axial 
profile in Ref. 4 were considered.  Each assembly has 264 fuel pins and 25 guide/instrument tubes, which 
are modeled as zirconium cylinders filled with water. 
 
The basket cells into which the assemblies are placed are made of stainless steel and are 365.76 cm in 
length to match the active fuel length.  Boral panels are attached between each cell and are also the same 
length as the active fuel.  The boron loading in each panel is 0.0225 g 10B/cm2.  Unlike the MPC-24 cask, 
there is no water gap between the basket cells.   
 
Figure 2 shows a slice of the GBC-32 basket-cell model, including the basket walls and one-half 
thickness of the Boral panels.  Reflecting this cell model on all four sides provides a full thickness of 
Boral between fuel assemblies. 
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Figure 2  GBC-32 basket-cell model 

 
 

2.1.3 MPC-68 Cask Model 

The MPC-68 cask model is based on the Holtec HI-STAR 100 system with the MPC-68 canister.3  
For this analysis, the cask was loaded with BWR assemblies enriched to 4.5 wt % 235U with no burnable-
poison material.  The fuel assemblies are based on GE 8 × 8 fuel assemblies but have all of the top and 
bottom end fittings, grid spacers, and other hardware removed.  Each assembly has 62 fuel pins and 
2 water holes, which are modeled as zirconium cylinders filled with water.  The assemblies are inside 
zirconium channels, which are 0.254 cm thick and are 381.0 cm in length to match the fuel pins. 
 
The fuel baskets are made of stainless steel and are 381.0 cm in length to match the active fuel length.  
Boral panels are attached on the inside of two faces of each fuel basket and are also the same length as the 
active fuel.  The boron loading in each panel is 0.0279 g 10B/cm2. 
 
Figure 3 shows a slice of the MPC-68 basket-cell model, including the basket walls, Boral panels, and a 
thickness of water to provide a basket pitch of 16.332 cm.  Periodic reflection of this cell model on all 
four sides provides a full thickness of Boral between fuel assemblies. 
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Figure 3  MPC-68 basket-cell model 

 
 

2.2 ANALYSIS 

Each fuel failure scenario was evaluated with respect to baseline full-cask and basket-cell models with 
intact (unchanged) fuel by comparing the calculated values of keff.  The baseline keff values are given in 
Table 3.  The Monte Carlo standard deviation of each calculated value is approximately 0.0004. 
 
 

Table 3  Baseline calculated keff values with intact (undamaged) fuel 

Cask Full-cask 
model 

Basket-cell 
model 

MPC-24 0.9369 0.9682 

GBC-32 (uniform axial burnup of 45 GWd/MTU) 0.9623 0.9927 

GBC-32 (axially distributed burnup of 45 GWd/MTU) 0.9847 1.0141 

GBC-32 (uniform axial burnup of 75 GWd/MTU) 0.8253 0.8519 

GBC-32 (axially distributed burnup of 75 GWd/MTU) 0.8869 0.9134 

MPC-68 0.9358 0.9631 
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2.2.1 Individual Fuel Rod Collapse  

2.2.1.1 Loss of a single fuel rod 

This scenario involves fuel failure in which an individual fuel rod collapses, resulting in the removal of 
that rod from the assembly lattice.  As discussed in Section 1, this is significant because fuel assemblies 
are designed to be undermoderated, and the loss of a fuel pin from the lattice causes a local area of higher 
moderation, which can increase keff.  To conduct the analysis, each rod in a basket-cell model was 
removed one at a time to quantify its effect on keff.  Near the center of the assembly lattice, the removal of 
a rod increases the moderation level for adjacent rods and results in an increase in keff.  Closer to the edge 
of the assembly, the removal of a rod increases moderation near the thermal neutron poison panels and, in 
many cases, decreases keff. 
 
For the WE 17 × 17 assembly, which was used in both the MPC-24 and GBC-32 cask models, the impact 
on keff of removing a single rod was very small and within the statistical uncertainty of the Monte Carlo 
calculations, which is less than 0.0005 in all cases.  Therefore, an individual calculation was performed 
for each rod and the 1/8th assembly symmetry was used to average the results and reduce the effect of the 
statistical uncertainties.  As a result, diagonal and central row/column position results are based on the 
average of four calculations, while the remaining position results are based on the average of eight 
calculations.  The ∆k values resulting from single rod removal in the MPC-24 basket-cell model range 
from −0.0009 for rods near the edge of the lattice to +0.0013 for rods near the center.  Figure 4 shows the 
change in keff  for removal of each fuel rod in one quadrant of the 17 × 17 assembly.  Spaces containing a 
guide tube were evaluated by replacing the guide tube with water. 
 
For the GBC-32 cask, the change in keff  due to the removal of each rod was calculated for burnup values 
of 45 and 75 GWd/MTU.  Further, separate cases considered both uniform and axially distributed burnup, 
resulting in the following four different fuel conditions:  (1) 45 GWd/MTU, assuming uniform axial 
burnup; (2) 45 GWd/MTU, assuming axially distributed burnup; (3) 75 GWd/MTU, assuming uniform 
axial burnup; and (4) 75 GWd/MTU, assuming axially distributed burnup.  Figures 5 through 8 show the 
change in keff  associated with the removal of each fuel rod (in one quadrant of the 17 × 17 assembly) for 
the four different fuel conditions.  For the cases with uniform axial burnup, the change in keff  associated 
with the removal of each fuel rod becomes less positive with increasing burnup, while the opposite 
behavior is observed when the distributed axial burnup is included.  However, in all cases, the effect of 
each rod on keff  is less than +0.001. 
 
Despite half-cell symmetry across the diagonal, a separate calculation was performed for each rod in the 
MPC-68 basket-cell model.  The ∆k values resulting from single rod removal range from −0.0079 for rods 
near the edge of the lattice to +0.0036 for rods near the center.  Because of the fewer number of rods in 
the 8 × 8 assembly, the impact on keff of removing a single rod is notably larger than that observed with 
the 17 × 17 assembly in the PWR casks.  Hence, the statistical uncertainties were less of a concern for the 
MPC-68 cases, and each ∆k value is based on a single calculation with statistical uncertainty less than 
0.0005.  Figure 9 shows the change in keff for removal of each rod in the 8 × 8 fuel assembly.  Spaces 
containing a water hole were evaluated by replacing the zirconium tube with water. 
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Column/row  1  2  3  4  5  6  7  8  9 
1 −0.0009 −0.0004 −0.0003 0.0001 −0.0002 −0.0003 −0.0004 −0.0002 0.0001 
2 −0.0004 0.0005 0.0004 0.0005 0.0001 0.0003 0.0007 0.0004 0.0002 
3 −0.0003 0.0004 0.0005 0.0009 0.0005 0.0008 0.0006 0.0005 0.0006 
4 0.0001 0.0005 0.0009 0.0006 0.0007 0.0009 0.0009 0.0009 0.0007 
5 −0.0002 0.0001 0.0005 0.0007 0.0010 0.0009 0.0010 0.0011 0.0008 
6 −0.0003 0.0003 0.0008 0.0009 0.0009 0.0003 0.0011 0.0010 0.0005 
7 −0.0004 0.0007 0.0006 0.0009 0.0010 0.0011 0.0009 0.0011 0.0008 
8 −0.0002 0.0004 0.0005 0.0009 0.0011 0.0010 0.0011 0.0013 0.0011 
9 0.0001 0.0002 0.0006 0.0007 0.0008 0.0005 0.0008 0.0011 0.0005 

 
 

Figure 4  Change in keff for single rod removal in the MPC-24 basket cell for one quadrant 
of the 17 × 17 fuel assembly.  The tabulated values are shown beneath the graphical representation. 
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Column/row  1  2  3  4  5  6  7  8  9 

1 −0.0014 −0.0011 −0.0009 −0.0008 −0.0009 −0.0007 −0.0008 −0.0009 −0.0009 
2 −0.0011 −0.0007 −0.0003 −0.0003 −0.0003 −0.0002 −0.0002 −0.0001 0.0000 
3 −0.0009 −0.0003 0.0003 0.0000 0.0001 0.0003 0.0001 0.0000 0.0001 
4 −0.0008 −0.0003 0.0000 −0.0001 0.0003 0.0003 0.0005 0.0003 0.0005 
5 −0.0009 −0.0003 0.0001 0.0003 0.0006 0.0002 0.0005 0.0006 0.0004 
6 −0.0007 −0.0002 0.0003 0.0003 0.0002 0.0001 0.0005 0.0004 0.0002 
7 −0.0008 −0.0002 0.0001 0.0005 0.0005 0.0005 0.0006 0.0005 0.0007 
8 −0.0009 −0.0001 0.0000 0.0003 0.0006 0.0004 0.0005 0.0007 0.0005 
9 −0.0009 0.0000 0.0001 0.0005 0.0004 0.0002 0.0007 0.0005 0.0002 

 
 

Figure 5  Change in keff for single rod removal in the GBC-32 basket cell for one quadrant 
of the 17 × 17 fuel assembly with uniform axial burnup of 45 GWd/MTU.  The tabulated values are 
shown beneath the graphical representation. 
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Column/row  1  2  3  4  5  6  7  8  9 
1 −0.0018 −0.0013 −0.0014 −0.0013 −0.0013 −0.0015 −0.0013 −0.0013 −0.0012 
2 −0.0013 −0.0007 −0.0009 −0.0006 −0.0006 −-0.0003 −0.0006 −0.0005 −0.0008 
3 −0.0014 −0.0009 −0.0004 −0.0005 −0.0005 −0.0006 −0.0001 −0.0003 −0.0006 
4 −0.0013 −0.0006 −0.0005 −0.0002 −0.0003 −0.0001 0.0001 0.0002 −0.0003 
5 −0.0013 −0.0006 −0.0005 −0.0003 −0.0002 0.0000 0.0003 0.0002 0.0005 
6 −0.0015 −0.0003 −0.0006 −0.0001 0.0000 −0.0002 0.0002 −0.0002 −0.0002 
7 −0.0013 −0.0006 −0.0001 0.0001 0.0003 0.0002 0.0002 0.0001 0.0004 
8 −0.0013 −0.0005 −0.0003 0.0002 0.0002 −0.0002 0.0001 0.0002 0.0000 
9 −0.0012 −0.0008 −0.0006 −0.0003 0.0005 −0.0002 0.0004 0.0000 −0.0006 

 
 

Figure 6  Change in keff  for single rod removal in the GBC-32 basket cell for one quadrant 
of the 17 × 17 fuel assembly with axially distributed burnup of 45 GWd/MTU.  The tabulated 
values are shown beneath the graphical representation. 
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Lattice row

 
 

Column/row 1 2 3 4 5 6 7 8 9 
1 −0.0019 −0.0015 −0.0017 −0.0016 −0.0014 −0.0015 −0.0014 −0.0015 −0.0016 
2 −0.0015 −0.0010 −0.0009 −0.0008 −0.0009 −0.0009 −0.0009 −0.0012 −0.0010 
3 −0.0017 −0.0009 −0.0010 −0.0007 −0.0005 −0.0008 −0.0005 −0.0008 −0.0010 
4 −0.0016 −0.0008 −0.0007 −0.0009 −0.0005 −0.0005 −0.0004 −0.0005 −0.0004 
5 −0.0014 −0.0009 −0.0005 −0.0005 −0.0007 −0.0006 −0.0004 −0.0003 −0.0004 
6 −0.0015 −0.0009 −0.0008 −0.0005 −0.0006 −0.0004 −0.0003 −0.0002 −0.0005 
7 −0.0014 −0.0009 −0.0005 −0.0004 −0.0004 −0.0003 −0.0002 −0.0003 −0.0003 
8 −0.0015 −0.0012 −0.0008 −0.0005 −0.0003 −0.0002 −0.0003 −0.0002 −0.0004 
9 −0.0016 −0.0010 −0.0010 −0.0004 −0.0004 −0.0005 −0.0003 −0.0004 −0.0007 

 
 

Figure 7  Change in keff  for single rod removal in the GBC-32 basket cell for one quadrant 
of the 17 × 17 fuel assembly with uniform axial burnup of 75 GWd/MTU.  The tabulated values are 
shown beneath the graphical representation. 
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Column/row  1  2  3  4  5  6  7  8  9 
1 −0.0014 −0.0007 −0.0005 −0.0007 −0.0006 −0.0009 −0.0009 −0.0011 −0.0007 
2 −0.0007 −0.0005 −0.0005 −0.0005 −0.0001 −0.0003 −0.0002 0.0000 −0.0005 
3 −0.0005 −0.0005 0.0002 0.0002 0.0000 0.0000 0.0002 0.0004 0.0003 
4 −0.0007 −0.0005 0.0002 −0.0001 0.0002 0.0006 0.0005 0.0008 0.0006 
5 −0.0006 −0.0001 0.0000 0.0002 0.0005 0.0005 0.0008 0.0004 0.0003 
6 −0.0009 −0.0003 0.0000 0.0006 0.0005 0.0000 0.0007 0.0007 0.0003 
7 −0.0009 −0.0002 0.0002 0.0005 0.0008 0.0007 0.0008 0.0004 0.0002 
8 −0.0011 0.0000 0.0004 0.0008 0.0004 0.0007 0.0004 0.0007 0.0005 
9 −0.0007 −0.0005 0.0003 0.0006 0.0003 0.0003 0.0002 0.0005 −0.0001 

 
 

Figure 8  Change in keff  for single rod removal in the GBC-32 basket cell for one quadrant 
of the 17 × 17 fuel assembly with axially distributed burnup of 75 GWd/MTU.  The tabulated 
values are shown beneath the graphical representation. 
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Column/row  1 2  3  4  5  6 7 8 

1 −0.0079 −0.0037 −0.0024 −0.0026 −0.0025 −0.0033 −0.0035 −0.0076 
2 −0.0033 0.0012 0.0020 0.0021 0.0016 0.0020 0.0010 −0.0030 
3 −0.0025 0.0022 0.0031 0.0036 0.0030 0.0030 0.0022 −0.0026 
4 −0.0022 0.0026 0.0035 0.0020 0.0017 0.0028 0.0016 −0.0028 
5 −0.0031 0.0019 0.0026 0.0014 0.0020 0.0030 0.0022 −0.0019 
6 −0.0033 0.0019 0.0035 0.0027 0.0032 0.0036 0.0022 −0.0031 
7 −0.0040 0.0011 0.0013 0.0021 0.0022 0.0014 0.0013 −0.0042 
8 −0.0079 −0.0025 −0.0025 −0.0024 −0.0023 −0.0025 −0.0034 −0.0078 

 
 

Figure 9  Change in keff for single rod removal in the MPC-68 basket cell.  The tabulated 
values are shown beneath the graphical representation. 
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2.2.1.2 Loss of multiple fuel rods 

Due to the extremely large number of possible permutations of the assembly lattice, it is not practical to 
evaluate all possibilities involving multiple missing rods.  Hence, the results from the previous section 
were used to guide the development of numerous possible cases, in the interest of finding the most 
reactive situation.  For example, removal of rods near an assembly center in a diagonal orientation with 
guide tubes (or water holes) has the largest positive effect on  keff.  For the MPC-24 and GBC-32 basket 
cells, 80 unique cases were evaluated, with missing rods varying in number and position.  For the  
MPC-68 basket cell, which has significantly fewer possible variations, 40 unique cases were evaluated.  
In the interest of bounding keff, each case was calculated with and without the guide tube/water hole 
material (zirconium) present.  The change in keff (from the reference condition with all rods present) 
associated with each case in the MPC-24 and MPC-68 casks is shown in Figures 10 and 11, respectively.  
The maximum increase in keff is shown to be less than 0.015 with guide/water hole tubes present and less 
than 0.019 with the guide/water hole tubes removed (replaced with water).  For the GBC-32 cask, these 
calculations were repeated for each of the four fuel conditions described above (i.e., uniform and axially 
distributed burnup of 45 and 75 GWd/MTU).  The results, shown in Figures 12 through 15, demonstrate 
that in all cases the maximum increase in keff  is approximately 0.015, decreases with burnup, and is 
increased by the presence of axially distributed burnup, as compared to uniform axial burnup.  Some of 
the cases that resulted in large negative ∆k values, which were typically associated with large numbers of 
missing rods, are not shown in the figures due to the scale.  Although all possible permutations were not 
evaluated, the trend in the results indicates that the existence of significantly more reactive configurations 
is unlikely.  The most reactive configurations involved missing pins (~10% of total) in the inner regions 
of the assemblies [i.e., central (N−2) × (N−2) positions] oriented in alternating diagonal rows of missing 
rods with guide tubes/water holes and fuel rods. 
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Figure 10  Change in keff for multiple missing rods in the MPC-24 basket cell 
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Figure 11  Change in keff for multiple missing rods in the MPC-68 basket cell 
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Figure 12  Change in keff  for multiple missing rods in the GBC-32 basket cell with uniform 
axial burnup of 45 GWd/MTU 
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Figure 13  Change in keff  for multiple missing rods in the GBC-32 basket cell with axially 
distributed burnup of 45 GWd/MTU 
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Figure 14  Change in keff  for multiple missing rods in the GBC-32 basket cell with uniform 
axial burnup of 75 GWd/MTU 
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Figure 15  Change in keff  for multiple missing rods in the GBC-32 basket cell with axially 
distributed burnup of 75 GWd/MTU 
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2.2.2 Loss of Fuel Rod Cladding 

This fuel failure scenario was analyzed by simply 
taking each full-cask model and removing the fuel 
cladding from all fuel rods.  All other fuel basket and 
cask hardware, including the BWR assembly 
channel, remained in the model.  The space formerly 
filled with cladding was filled with water.  This 
provides extra moderation to an otherwise 
undermoderated system and thus increases the keff by 
a substantial amount.  The calculated keff values and 
increase in keff relative to each baseline full-cask 
model are given in Table 4. 

 

2.2.3 Collapse of Fuel Rods 

In this scenario, there was an assumed total collapse of fuel rods and removal of all fuel hardware and 
cladding, leaving each basket full of fuel pellets at an optimum pitch.  The rubble was assumed to be 
within the volume of the original assembly and thus was in the axial region surrounded by Boral.  KENO-
VI models of each basket cell were used in order to take advantage of the dodecahedron and dodecahedral 
array geometry capability of this code.  This capability allows the fuel rubble to be easily modeled as a  
3-D closely packed array of fuel pellets.  The size of the fuel pellets was representative of each type of 
fuel (PWR and BWR), and the oxide density in the pellets was assumed to remain unchanged.  For the 
PWR fuel casks (MPC-24 and GBC-32), the fuel pellets have an outer diameter of 0.7844 cm and a height 
of 1.288 cm.  The BWR fuel pellets in the MPC-68 cask have an outer diameter of 1.0655 cm and a 
height of 0.8128 cm.  Both types of fuel have an oxide density of 10.522 g/cm3.   
 
The optimum pitch for a dodecahedral array of fuel pellets was calculated for each basket cell, using the 
appropriate composition data as given in Table 2.  The array of fuel pellets in water was used to fill the 
original active fuel volume.  All cask hardware remained in place, but all assembly hardware, including 
the BWR assembly channel, was removed.  The optimum pitch for fuel pellets in each basket cell, along 
with the associated fuel volume fraction and change in keff relative to the baseline basket-cell case, are 
given in Table 5. 
 

 

Table 4  Results for loss of fuel rod cladding 

Cask keff ∆keff 
MPC-24 0.9837 +0.0468 
GBC-32 (uniform 45) 0.9937 +0.0314 
GBC-32 (axial 45) 1.0196 +0.0349 
GBC-32 (uniform 75) 0.8511 +0.0258 
GBC-32 (axial 75) 0.9213 +0.0344 
MPC-68 0.9799 +0.0441 
 

Table 5  Results for collapse of fuel rods 

Cask 
Optimum pellet  

pitch 
(cm) 

Fuel volume  
fraction 

∆keff 

MPC-24 1.597 0.216 +0.0563 

GBC-32 (uniform burnup of 45 GWd/MTU) 1.587 0.220 +0.0233 

GBC-32 (uniform burnup of 75 GWd/MTU) 1.560 0.232 +0.0126 

MPC-68 1.678 0.217 +0.1149 
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2.2.4 Fuel Assembly Slips Above/Below Neutron Poison Panels 

This failure scenario involved the loss of the assembly hardware and spacer, allowing the fuel assembly to 
slip into an axial region with no neutron poison coverage in the basket.  As the fuel assembly moves 
axially, it begins to form an infinite planar region without neutron poison panels.  As the thickness of this 
region increases, the assemblies begin to interact neutronically with each other, and keff begins to increase.  
The thickness at which keff begins to increase varies depending upon many factors, as shown in this 
section. 
 
To calculate the effect on keff for this scenario, each basket-cell model was modified to include 30 cm of 
water below the fuel assembly, followed by steel representing the cask bottom.  The steel walls of the 
basket cell were continuous from the top of the assembly to the cask bottom, but the Boral panels ended at 
the bottom of the assembly’s original axial position.  The fuel assembly was then lowered 1 cm at a time 
until it reached the cask bottom (baseplate).  Figure 16 shows the MPC-24 cask with the fuel assembly 
20 cm below its original position.  For the GBC-32 cask, cases with both uniform and axially-distributed 
burnup were considered.  So that the least burned and therefore most reactive section of the burned 
assemblies in the GBC-32 cask is dominant in this scenario, the axial burnup profile was inverted.  This 
simulates a transportation accident in which the cask is left upside down and the upper portion of the fuel 
assemblies slip beyond the Boral panels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16  MPC-24 cask showing the fuel assembly below the Boral panels 
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The maximum value of 30 cm was chosen for this scenario to allow the calculation of clear trends in keff.  
However, based on an examination of current cask designs, a maximum value of 20 cm is probably more 
appropriate for evaluating the worst-case increase in keff for this scenario.  Typical storage/transport casks 
do not have 30 cm of space between the bottom of the poison panels and the cask baseplate.  For the 
Holtec HI-STAR cask safety analysis report calculations, which were designed for conservatism, the 
MPC-24 cask model has 10.16 cm of space below the assemblies and the MPC-68 cask model has 
18.54 cm.  If spacers are to be used, cask-loading procedures would include the insertion of solid spacers 
above and/or below fuel assemblies, and the failure to include a spacer should be detected during cask 
loading.  It is also unlikely that the spacer could become dislodged in such a way that the assembly could 
slip below the Boral panels.  To determine if the use of 30 cm of water below the assembly would 
produce results that are significantly different from using 20 cm of water, the MPC-24 cask cases were 
reevaluated with 20 cm of water followed by the steel baseplate.  The values of ∆keff remain consistent 
with the 30 cm cases up through the 20 cm level.  Therefore, it appears that the trend in calculated ∆keff is 
not affected by the distance to the steel baseplate. 
 
For the MPC-24 cask, no significant increase in keff occurs until the fuel-pin array is approximately 20 cm 
below the Boral panels.  After that point, keff rises sharply.  For the MPC-68 cask, the calculated keff stays 
relatively constant until the fuel-pin array is approximately 13 cm below the Boral panels and then rises to 
a maximum ∆k of +0.0362 at 20 cm below the Boral.  For the GBC-32 cask, the trend in calculated keff 
depends strongly on whether uniform burnup or axially-distributed burnup is assumed.  If uniform burnup 
is used, the value of ∆keff remains relatively constant until the fuel-pin array is approximately 25 cm 
below the Boral panels, and then rises slightly to a maximum of +0.01.  For the axially-distributed burnup 
cases, the value of ∆keff begins climbing as soon as the fuel-pin array begins to drop, and reaches a 
maximum of approximately +0.08.  This difference appears because, for the axially-distributed burnup 
fuel, most of the fission density is present in the top end of the fuel pins.  This end was positioned in the 
basket cell so that it was the first section to emerge from the Boral panels.  Graphs showing the calculated 
keff as a function of distance below the Boral panels for each of the casks/fuel combinations are given in 
Figures 17 through 20.  The error bars shown represent plus and minus one standard deviation for the 
Monte Carlo calculation.  The results also indicate the large difference in boron loading and basket 
spacing between the two MPC casks.  As described in Section 2.2.3, the MPC-68 cask utilizes higher 
boron loading than the MPC-24 cask and places the assemblies closer together.  When the assemblies in 
the MPC-68 cask are allowed to slip below the Boral panels, they are much closer together than the 
assemblies in the MPC-24 cask and better able to interact neutronically.  However, the larger impact in 
the MPC-68 cask may be reduced if the burnable-poison material that would be present in fresh BWR 
fuel assemblies is included in the model. 
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Figure 17  MPC-24 lowering assemblies below neutron poison panels 
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Figure 18  GBC-32 lowering assemblies below neutron poison panels (burnup of 75 GWd/MTU) 
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Figure 19  GBC-32 lowering assemblies below neutron poison panels (burnup of 45 GWd/MTU) 
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Figure 20  MPC-68 lowering assemblies below neutron poison panels 
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2.2.5 Determining Optimum Pitch  

In this scenario, the fuel rods without cladding were allowed to increase in pitch in a regular lattice within 
the basket cell until the outer pins reached the basket wall.  The pitch was increased further, allowing the 
outer ring of pins to gradually be removed from the array.  The point of maximum keff was located, which 
may be compared to the results of scenario 3, where the optimum pitch of the fuel pellets alone is 
determined.  The MPC-24 and MPC-68 basket cells were evaluated for this scenario.  For the MPC-68 
basket cell, the flow channel was removed along with the fuel rod cladding.  Note that the removal of the 
cladding and flow channel results in an increase in keff of ~0.04.  In both cases, the maximum keff value for 
fuel rods without cladding corresponds to the original array expanded such that the outer rods are in 
contact with the basket-cell walls.  Figures 21 and 22 show the trend in keff as the rod pitch is increased.   
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Figure 21  Optimum rod pitch in MPC-68 cask 
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Figure 22  Optimum rod pitch in MPC-24 cask 
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3 FUEL FAILURE SCENARIOS AFFECTING 
RADIATION DOSE RATES 

Scoping studies are presented in this section to evaluate the effect of potential fuel failure on radiation 
dose external to an SNF cask.  These studies are considered to be scoping in nature because they are 
based on limited knowledge of failed fuel configurations and include a number of simplifying 
assumptions (e.g., the analyses assume uniform presence of damaged/failed fuel for each scenario).  
The impact of each failed fuel scenario on external radiation dose is assessed with respect to the reference 
(undamaged) configuration.   
 
Potential failed fuel configurations may vary significantly, and hence there is a large degree of uncertainty 
in defining these configurations.  For the shielding analyses in this section, two fuel failure scenarios that 
would impact external radiation doses are considered.  These scenarios are limited to changes in the 
active fuel configuration and are described below.  Although these scenarios may be considered very 
improbable, the results of their evaluation quantify the effect of severe conditions on external radiation 
dose and may be useful for bounding the effect of more-likely scenarios.   
 

1. Fuel rod collapse resulting in rods being absent from the assembly.  This scenario evaluates the 
effect of missing rods by considering both the reduction in the source terms, which would tend to 
reduce dose rates, and the reduction in fuel region density, which would tend to increase dose 
rates.  

 
2. Collapse of fuel rods.  This scenario evaluates the effect of gross fuel failure resulting in the 

collective collapse of all fuel rods and the corresponding compaction of the fuel assemblies. 
 

As the potential for fuel failure increases with burnup, the reference specifications were selected to 
represent high-burnup PWR fuel in the GBC-32 cask.  Consequently, the dose rates for the reference 
specifications do not meet all of the recommended regulatory limits for dose rates under normal 
conditions.  Rather, focus is given to the difference in the relevant external dose rates with respect to the 
reference specifications for the scenarios considered.  In all cases, the internal and external cask structures 
are assumed to remain intact, corresponding to normal conditions. 
 

3.1 RADIATION SOURCE SPECIFICATION  

The calculation of radiation sources for SNF is typically done for two regions, the active fuel region and 
the upper and lower hardware regions.  These sources consist of neutron and gamma components.  
The active fuel region includes both components, while the hardware regions contain only gamma source 
due to the activation of 59Co, an impurity in the steel and Inconel materials used in these regions. 
 
The radiation sources associated with the active fuel region were calculated with the ORIGEN-ARP 
code,6 which is functionally equivalent to the SAS2H code,7 for a Westinghouse 17 × 17 assembly.  
The cross-section library utilized for the source calculation was the SCALE 44-group library,8 which is 
based on ENDF/B-V data with selected nuclides from ENDF/B-VI.  Because the fuel failure scenarios 
considered are focused on damage to the active fuel region, and hence do not impact the fuel assembly 
hardware, source terms were not calculated for the hardware regions.  For the active fuel region, sources 
were calculated for three enrichment, burnup, and cooling time combinations to enable studies of the 
dependence of the fuel failure scenarios on variations in source.  These combinations include  
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1. 5 wt % 235U enrichment, 75-GWd/MTU burnup, 5-year cooling;  
2. 5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling; and  
3. 4 wt % 235U enrichment, 45-GWd/MTU burnup, 10-year cooling. 

 

3.2 CASK MODEL SPECIFICATION 

The cask model used for the shielding studies is a variation of the GBC-32 cask that was used in the 
previous section for criticality safety studies.  Because the GBC-32 cask was originally developed for use 
in burnup-credit criticality studies, it is not suitable for shielding studies in its original form.  To enable 
relevant shielding studies with the GBC-32 cask, the cask shield body was modified from a single steel 
component to have the attributes of a realistic storage/transportation cask.  The shielding design feature of 
the modified GBC-32 cask is the cask body, consisting of an inner shell of stainless steel (27 cm thick) 
surrounded by an outer shell of resin (10 cm thick) for neutron shielding.  The stainless steel lid and 
bottom (35 cm thick) of the cask provide shielding in the axial direction.  The impact limiter materials are 
ignored for conservatism, except that the location of the outer surface of the cask is considered to 
correspond to the impact limiter boundary.  The details of the modified GBC-32 cask design are provided 
in Ref. 9.  Except for the inclusion of the Boral panels in the model used for this study, the model is 
consistent with that described in Ref. 9.  Furthermore, the modeling and analysis approach is consistent 
with that described in Appendix C of Ref. 9. 
 
The analysis utilized the SCALE 3-D Monte Carlo shielding sequence SAS4,10 which uses MORSE-
SGC11 for the Monte Carlo simulation.  Within this sequence, neutron source multiplication was included.  
Also, the effect of the axial variation in burnup on the neutron and gamma sources was included by way 
of the default axial-burnup profiles in SAS4.  The shielding calculations utilized the SCALE 27N-
18COUPLE library,8 which is a coupled 27-neutron and 18-gamma group library based on ENDF/B-IV 
data.  The 3-D model is shown in Figure 23 (radial model) and Figure 24 (axial model).  The fuel 
assemblies were homogenized into the basket areas, with the basket structure modeled separately.  For the 
reference case, the model is symmetric about the axial midplane (a requirement of SAS4) and only the 
bottom of the cask geometry is modeled.  Assembly spacers, which are often employed above and below 
fuel assemblies to approximately center the assemblies within the cask and immobilize the assemblies 
during transportation, are assumed to be present; however, no credit is taken for the spacer material 
(i.e., spacer volume is modeled as void).  
 

3.3 ANALYSIS 

The shielding analysis was performed by calculating the dose rates at the bottom and radial directions for 
each scenario and comparing the results to the reference (undamaged) condition.  The locations at which 
the dose rates were calculated correspond to the locations cited in the regulatory guidance for dose rate 
limits during normal conditions of transport (200 mrem/h at the package surface and 10 mrem/h at 2 m 
from the accessible surface of the conveyance). 
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Figure 23  Radial cross section of one-quarter of the SAS4 model of the GBC-32 cask 

(dimensions in units of centimeters) 
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Figure 24  Axial cross section of SAS4 model of the GBC-32 cask (dimensions in units of 
centimeters) 
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3.3.1 Reference Conditions 

The dose rate profiles along the cask side surface and 2-m locations are shown in Figures 25 and 26, 
respectively.  These dose rates correspond to fuel with 5 wt % 235U initial enrichment, 75-GWd/MTU 
burnup, and 20-year cooling.  Because the failed fuel scenarios to be considered do not involve the fuel 
hardware and the finding that the hardware regions are of little consequence to total doses for this cask 
configuration,9 dose rates due to fuel hardware were not calculated and are not included in the cited 
values for total dose rate.  The location for the side surface doses is the actual outside surface of the 
neutron shield.  The 2-m dose rates correspond to 2 m from the conveyance or a distance of 358 cm from 
the cask centerline.  The dose rates peak at the cask midplane with side surface and 2-m total dose rates of 
83 and 18 mrem/h, respectively.  In all cases, the statistical uncertainty in the calculated dose rates is 
<5%. 
 
Both locations have neutron dose rates that are more than a factor of seven higher than the corresponding 
gamma dose rates.  The substantially higher neutron dose is due to the very high burnup considered 
(i.e., 75 GWd/MTU) and to a lesser extent to the cask design, which is characterized by a greater 
thickness of gamma shielding material (stainless steel) than neutron shielding material (resin).  Previous 
studies12,13 have demonstrated that the dominant effect of increasing burnup is the dramatic increase in the 
spontaneous fission neutron source, primarily from 244Cm.  Hence, the neutron dose rate has been shown 
to increase approximately as burnup to the power of four, while the gamma dose rate increases nearly 
linearly with burnup.  For a combination of enrichment, burnup, and cooling time that is more typical of 
that which can be accommodated in current transportation casks (e.g., 4 wt % 235U enrichment,  
45-GWd/MTU burnup, 10-year cooling), the neutron dose rates are less than a factor of 2 greater than the 
gamma dose rates.   
 
The dose rate profiles along the bottom surface and 2-m locations are shown in Figures 27 and 28, 
respectively.  These dose rates correspond to 5 wt % 235U enrichment, 75-GWd/MTU burnup, and 20-year 
cooling.  For these calculations, the material in the impact limiter is ignored (i.e., assumed void).  
However, the surface doses correspond to the boundary of the impact limiter and the 2-m dose rates 
correspond to a location 2 m from the impact limiter surface.  The dose rates peak at the center of the cask 
with bottom surface and 2-m total dose rates of 145 and 27 mrem/h, respectively.  Along the cask bottom, 
the total dose rate is dominated by the neutron dose rate because there is no neutron shielding material 
present along the cask bottom.  This disparity between neutron and gamma dose rates is increased further 
because, as discussed above, the neutron source/dose increases much more dramatically with fuel burnup 
than the gamma source/dose does.   
 

3.3.2 Fuel Rod Collapse/Missing Fuel Rods 

This scenario investigates the effect of missing rods by considering both the reduction in the radiation 
source terms, which tends to reduce dose rates, and the reduction in fuel region density, which tends to 
increase dose rates.  To model this scenario, various numbers of rods were simply assumed to be absent 
from the assembly lattice.  The specific cases considered included 5, 10, and 20% of the fuel rods absent, 
which corresponds to missing 13, 26, and 53 rods, respectively.  The homogenized fuel region 
compositions and source terms were calculated and used for each of these three cases. 
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Figure 25  Surface dose rate profiles along the side of the GBC-32 cask (5 wt % 235U 
enrichment, 75-GWd/MTU burnup, 20-year cooling) 
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Figure 26  Dose rate profiles at 2 m from the side conveyance surface of the GBC-32 cask 
(5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling) 
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Figure 27  Surface dose rate profiles along the bottom of the GBC-32 cask (5 wt % 235U 
enrichment, 75-GWd/MTU burnup, 20-year cooling).  Note that the neutron and total dose rate 
curves are indistinguishable. 
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Figure 28  Dose rate profiles at 2 m from the bottom of the GBC-32 cask (5 wt % 235U 
enrichment, 75-GWd/MTU burnup, 20-year cooling).  Note that the neutron and total dose rate 
curves are indistinguishable. 
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The absence of fuel rods reduces external dose rates.  A comparison of the dose rate profiles along the 
cask side surface for the reference condition and the case with 5% of the rods missing is shown in  
Figure 29.  These dose rates correspond to fuel with 5 wt % 235U initial enrichment, 75-GWd/MTU 
burnup, and 20-year cooling.  Because this failed fuel scenario does not involve the fuel hardware, the 
dose rates due to fuel hardware would remain the same.  Therefore, these values were not calculated and 
are not included in the cited values for total dose rate.  The total and neutron dose rate profiles along the 
bottom surface are shown in Figure 30.  The gamma dose rates at the bottom are several orders of 
magnitude lower than the neutron dose rates and hence are not shown.  
 
To more clearly show the impact of missing rods, the total dose rate profiles along the cask side surface 
and bottom surface are shown in Figures 31 and 32, respectively.  For all cases and dose rate locations 
considered, the absence of fuel rods results in a reduction in the external dose rates; the dose rates 
decrease with increasing numbers of missing rods.  The effect of missing rods was also evaluated for the 
different combinations of initial enrichment, burnup, and cooling time listed in Section 3.1, and the above 
conclusions were not found to be dependent on variations in these combinations.  Although calculations 
were not performed with other cask designs, it is anticipated that the above conclusions are not sensitive 
to the cask design. 

3.3.3 Collapse of Fuel Rods (Fuel Rubble) 

This scenario evaluates the effect of gross fuel failure resulting in the collective collapse of all fuel rods 
and the corresponding compaction of the fuel assemblies.  This scenario is notably more complicated than 
the missing rods scenario, and hence the evaluation of this scenario requires a number of important 
assumptions to be made.  Questions such as the following must be considered:  (1) How dense is the fuel 
rubble (i.e., how densely does the fuel compact)?  (2) Is the axial-burnup variation maintained in the fuel 
rubble?  (3) Where is the fuel rubble located?  Considering the large uncertainty in the fuel 
failure/damage mechanisms, there are no clear answers to these questions.  Hence, relatively simple, 
rational assumptions are employed here for these conditions to enable a basic evaluation of this scenario.  
Because the fuel rods are initially positioned vertically, are constrained laterally by the basket-cell walls, 
and are assumed not to shatter into very small pieces, it is assumed here that the fuel rubble is not in a 
tightly compacted mass.  Instead, the fuel rubble is assumed to be 50% void by volume, which 
corresponds to a reduction in fuel height of ~25%.  Considering that the potential fuel collapse could be 
associated with a variety of transportation accident conditions, the axial-burnup variation in the rubble is 
assumed to be uniform.  Finally, consistent with a basic assumption in this report, the fuel rubble is 
assumed to be contained within the original active fuel volume, albeit in the lower portion of the original 
volume.  Although one could imagine situations in which small portions of the fuel rubble fall down into 
the regions that are primarily occupied by the fuel hardware and fuel assembly spacers (where used), 
proper representation of such configurations requires an advanced knowledge of the potential fuel failure 
configuration and hence is not considered here.  Finally, note that the fuel rubble is assumed to settle in 
the bottom axial portion of the original active fuel volume; conditions for fuel rubble settling in a 
horizontal position are not anticipated to have a significant impact on dose rates and are not evaluated 
here. 
 
Regarding the calculational models for this scenario as compared to the reference conditions, the 
homogenized fuel composition for the fuel rubble was calculated and utilized, the active height of the fuel 
region was reduced, the axial variation in burnup was changed to uniform, and the total source terms 
remained unaffected.  While the reference configuration model is symmetric about the midplane 
(a requirement of SAS4), the reduction in fuel region height results in axial asymmetry about the cask 
midplane.  Therefore, to evaluate this scenario with SAS4, axial symmetry was modeled/assumed about 
the fuel rubble midplane.  Based on the height of the fuel rubble region, this assumption was judged to be 
valid for this evaluation; however, the validity of this assumption degrades as the height of the fuel region  
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Figure 29  Effect of missing 5% of the fuel rods on surface dose rate profiles along the side 
of the GBC-32 cask (5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling) 
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Figure 30  Effect of missing 5% of the fuel rods on dose rate profiles along the bottom 
surface of the GBC-32 cask (5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling).  
Note that the dose rate curves for the two cases are virtually indistinguishable. 
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Figure 31  Effect of missing fuel rods on total surface dose rate profiles along the side of the 
GBC-32 cask (5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling) 
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Figure 32  Effect of missing fuel rods on dose rate profiles along the bottom surface of the 
GBC-32 cask (5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling) 
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decreases.  Evaluation of scenarios involving significantly greater compaction requires the use of 
something other than SAS4 for the analysis.  After the axial symmetry location was moved, it became 
necessary to perform separate radial calculations for the top and bottom halves of the fuel rubble to 
calculate the complete radial dose rate profiles over the bottom half of the cask. 
 
The effect of fuel collapse on dose rate profiles along the cask side surface is shown in Figure 33.  These 
dose rates correspond to fuel with 5 wt % 235U initial enrichment, 75-GWd/MTU burnup, and 20-year 
cooling.  The dose rate profiles along the bottom surface are shown in Figure 34.  The most important 
characteristics of this scenario are the increase in fuel region density and the uniform axial-burnup/source 
distribution.  The impact of the latter characteristic, which effectively moves more source from the axial 
center region into the lower regions (particularly neutron source; recall that neutron source increases 
approximately as burnup to the power of four), is evident in both figures.  While the peak side surface 
dose rate is lower for the collapsed fuel than the reference condition, total dose rates in the lower side 
regions are increased.  Neutron peak dose rates at the 2-m location were found to increase by nearly a 
factor of two.  The total/neutron surface and 2-m dose rates along the cask bottom were found to increase 
by a factor of approximately five as compared to the reference case.   
 
The effects of this scenario are dominated by the assumption that the fuel burnup/source is axially 
uniform, effectively resulting in the movement of greater neutron source from the center to the end 
regions of the fuel.  This point is shown in Figures 35 and 36, which compare side and bottom surface 
dose rates, respectively,  for this scenario to those of the reference fuel configuration with uniform axial 
burnup assumed.  While the dose rates for this collapsed fuel scenario are slightly higher than the 
reference dose rates due to the increase in source density, the dose rates are very similar in shape and 
magnitude. 
 
Because the effects of this scenario are dominated by the movement of greater neutron source to the lower 
region of the fuel, the effects are notably less for lower burnups and will be somewhat cask dependent 
(e.g., casks with greater axial neutron shielding will be less sensitive to this condition).  Finally, note that 
the dose rates due to fuel hardware were not calculated and are not included in the cited values for total 
dose rate.  However, the fuel hardware would be dislocated in this scenario.  Thus, while the source from 
the fuel hardware would not change, the dose rate from the fuel hardware would be affected by the 
change in position. 
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Figure 33  Effect of fuel collapse on surface dose rate profiles along the side of the GBC-32 
cask (5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling) 
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Figure 34  Effect of fuel collapse on surface dose rate profiles along the bottom of the  
GBC-32 cask (5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling).  Note that the 
neutron and total dose rate curves are indistinguishable. 
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Figure 35  Comparison of surface dose rate profiles along the side of the GBC-32 cask  
(5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling) 

 
 

0.0

100.0

200.0

300.0

400.0

500.0

0 20 40 60 80 100

Distance from cask center (cm)

D
o

se
 r

at
e 

(m
re

m
/h

)

Total (ref condition, w /uniform axial burnup) Total (collapsed condition)

Neutron (ref condition, w /uniform axial burnup) Neutron (collapsed condition)

 

Figure 36  Comparison of surface dose rate profiles along the bottom of the GBC-32 cask  
(5 wt % 235U enrichment, 75-GWd/MTU burnup, 20-year cooling) 
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4 CONCLUSIONS 

Irradiation of fuel and clad to high-burnup increases the potential for failure during normal and accident 
scenarios involving transport and storage casks.  This report presents scoping studies to investigate and 
quantify the consequences of potential fuel failure on criticality safety and external radiation dose rates 
for SNF transport and storage casks.   

Five different fuel failure scenarios were evaluated for their effect on criticality safety.  Many of the 
assumptions used in the calculational models were chosen for their maximum effect on the reactivity of 
the system.  These assumptions include full water flooding of the casks, no fuel assembly hardware, and 
uniform failure of fuel in the cask.  The assumed failed fuel configurations represent a theoretical limit 
beyond credible conditions. 

The maximum increase in keff associated with each of these scenarios for each cask is listed in Table 6. 

 
 

Table 6  Maximum increase in keff for each fuel failure scenario 

 
Fuel failure scenario   

MPC-24  
cask model 
(fresh fuel) 

GBC-32  
cask model 

(45-GWd/MTU axial burnup) 

MPC-68  
cask model 
(fresh fuel) 

1. Single missing rod 0.0013 < 0.0010 0.0036 

 Multiple missing rods 0.0140 0.0130 0.0120 
     

2. Cladding removed from all rods 0.0468 0.0349 0.0441 
     

3. Fuel rubble (no cladding  
   material present) 

0.0563 0.0233* 0.1149 

     

4. Assembly slips 20 cm above or  
   below neutron poison panels 

0.0021 0.0435** 0.0362 

     

5. Variation in pitch 
   (without cladding) 

0.0703 N/C 0.1225 

    N/C = not calculated. 
  *Uniform axial burnup. 
**75 GWd/MTU axially-distributed burnup. 

 
 
In scenario 1, the removal of a single fuel rod causes an increase in keff of less than 0.4%.  The 
simultaneous removal of multiple rods resulted in a maximum increase in keff of slightly less than 1.5%.  
The removal of all fuel rod cladding results in an increase in keff of 3.5–5%.  Fuel failure scenario 3 
(fuel rubble) has a large effect on criticality safety, with an increase in keff of greater than 10% in the 
MPC-68 cask model.  This increase is significantly larger than that seen with the MPC-24 cask model for 
the same scenario.  The scenario that has the largest effect on criticality safety is scenario 5, which 
involves variation in rod pitch without cladding present. 
 
In the base basket-cell models, the energy of average lethargy causing fission is 0.2159 eV for the MPC-
24 model and 0.2945 eV for the MPC-68 model.  The BWR fuel assemblies in the MPC-68 model are 



Conclusions          Section 4 

42 

less moderated than the PWR assemblies in the MPC-24 model and are therefore more sensitive to 
increases in thermalization of the neutrons.  Also, the MPC-68 cask utilizes higher boron loading than the 
MPC-24 cask and does not include a water gap to act as a flux trap between assemblies.  When the 
assemblies in the MPC-68 cask are allowed to slip below the Boral panels, they are much closer together 
than the assemblies in the MPC-24 cask and better able to interact neutronically.  The large impact of the 
Boral panels in scenario 4 may be reduced if the burnable poison material that would be present in fresh 
BWR fuel assemblies is included in the model.  In the future, studies of similar scenarios with varying 
amounts of burnable poison in fresh BWR fuel assemblies and with burned BWR fuel assemblies could 
yield results that are appropriate for evaluating consequences of BWR fuel failure in an actual cask 
design. 
 
For the evaluation of external dose rates, scenarios involving missing fuel rods and fuel rubble were 
considered.  For all burnup, enrichment, and cooling time combinations considered, the absence of some 
fuel rods resulted in a decrease in external dose rates at all relevant locations.  In contrast, the scenario 
involving fuel rubble led to notable increases in total dose rate at the side 2-m location and the bottom 
surface and 2-m locations.  The effects of this scenario are dominated by the assumption that the failed 
fuel burnup/source is uniform, effectively resulting in the movement of greater neutron source from the 
central to the end regions of the fuel.   
 
Current casks have limits on the number and placement of known damaged or failed fuel assemblies in 
the cask to control the potential severity of accident events.  In addition, the extent and uniformity of the 
fuel damage assumed in this study represents a theoretical limit.  Therefore, evaluation of a specific 
design will require the establishment of the appropriate configuration for that design. 
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5 RECOMMENDATIONS FOR FUTURE WORK 
 
The studies presented in this report may be characterized as scoping in nature because they are based on 
limited knowledge of failed fuel conditions and configurations and include a number of assumptions that 
are beyond credible (e.g., the analyses assume uniform presence of damaged/failed fuel for each failure 
scenario).  However, these studies quantify the impact of many relevant failure configurations and 
identify those scenarios that most negatively impact safety, thereby providing a basis for decision making 
with regard to failure potential and a foundation to direct future efforts in this area.  Based on the findings 
of this work and the inability of materials experts to definitively characterize potential fuel failure 
conditions, additional work is recommended to more completely and accurately address the safety 
concerns related to the consequences of potential fuel failure.  Building on the results of this present 
work, future work should further evaluate the most plausible scenarios by incrementally moving towards 
credible conditions.  Specific recommendations for future work include the following: 
 

1. For all plausible scenarios, incrementally evaluate the effect from partial loading of failed fuel.  
For criticality safety, evaluate the effect of including an increasing number of failed assemblies 
loaded from the cask center outward.  For external dose rates, evaluate the effect of including an 
increasing number of failed assemblies loaded from the cask periphery inward. 

 
2. For evaluation of criticality safety with loss of fuel rod cladding, progressively remove cladding 

from fuel rods, beginning in the assembly center and moving outward based on rows. 
 
3. For evaluation of criticality safety in the MPC-68 cask, evaluate the effects with either more 

accurate fresh fuel compositions (i.e., including burnable absorbers) or appropriate spent fuel 
compositions. 

 
4. For scenario 5, repeat analyses for GBC-32 cask. 

 
5. For evaluation of dose rates, evaluate the effect of greater fuel rubble compaction. 

 
6. For evaluation of dose rates due to fuel rubble, evaluate the effect of including the axial-burnup 

distribution and relocation of fuel end hardware. 
 

7. If deemed plausible, for evaluation of dose rates due to fuel rubble, evaluate the effect of fuel 
rubble collecting in the top/bottom of cask (beyond the “normal” active fuel position). 
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