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ABSTRACT

On July 18, 2001, a freight train carrying 
hazardous (non-nuclear) materials derailed and 
caught fire while passing through the Howard 
Street railroad tunnel in downtown Baltimore, 
Maryland.  The United States Nuclear Regula-
tory Commission (USNRC), one of the agencies 
responsible for ensuring the safe transportation 
of radioactive materials in the United States, 
undertook an investigation of the train derail-
ment and fire to determine the possible regula-
tory implications of this particular event for the 
transportation of spent nuclear fuel by railroad. 

The USNRC met with the National Transport-
ation Safety Board (NTSB) to discuss the details 
of the accident and the ensuing fire.  Following 
these discussions, the USNRC assembled a team 
of experts from the National Institute of 
Standards and Technology (NIST), the Center 
for Nuclear Waste Regulatory Analyses 
(CNWRA), and Pacific Northwest National 
Laboratory (PNNL) to determine the thermal 
conditions that existed in the Howard Street 
tunnel fire and analyze the effects on various 
spent fuel transportation package designs.   

The Fire Dynamics Simulator (FDS) code 
developed by NIST was used to determine the 
thermal environment in the Howard Street 
tunnel during the fire.  The FDS results were 
used as boundary conditions in the COBRA-SFS 
and ANSYS® computer codes to evaluate the 
thermal performance of different package 
designs.  The staff concluded that larger trans-
portation packages resembling the HOLTEC 
Model No. HI-STAR 100 and TransNuclear 
Model No. TN-68 would withstand a fire with 
thermal conditions similar to those that existed 
in the Baltimore tunnel fire event with only 
minor damage to peripheral components.  This is 
due to their sizable thermal inertia and design 

specifications in compliance with currently 
imposed regulatory requirements.  

For the TN-68 and the NAC LWT, the 
maximum temperatures predicted in the regions 
of the lid, vent and drain ports exceed the seals’ 
rated service temperatures, making it possible 
for a small release to occur, due to CRUD that 
might spall off the surfaces of the fuel rods.  
However, any release is expected to be very 
small due to a number of factors.  These include 
(1) the tight clearances maintained between the 
lid and cask body by the closure bolts, (2) the 
low pressure differential between the cask 
interior and exterior, (3) the tendency of such 
small clearances to plug, and (4) the tendency of 
CRUD particles to settle or plate out. 
 
USNRC staff evaluated the radiological con-
sequences of the package responses to the 
Baltimore tunnel fire.  The results of this eval-
uation strongly indicate that neither spent 
nuclear fuel (SNF) particles nor fission products 
would be released from a spent fuel shipping 
cask involved in a severe tunnel fire such as the 
Baltimore Tunnel Fire.  None of the three cask 
designs analyzed for the Baltimore Tunnel fire 
scenario (TN-68, HI-STAR 100, and NAC 
LWT) experienced internal temperatures that 
would result in rupture of the fuel cladding.  
Therefore, radioactive material (i.e., SNF 
particles or fission products) would be retained 
within the fuel rods.   
 
There would be no release from the HI-STAR 
100, because the inner welded canister remains 
leak tight.  The potential releases calculated  for 
the TN-68 rail cask and the NAC LWT truck 
cask indicate that any release of CRUD from 
either cask would be very small - less than an A2 
quantity (see footnote 6, Section 8.) 
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1 INTRODUCTION 

Current USNRC regulations specify that spent 
nuclear fuel shipping packages must be designed 
to survive exposure to a fully engulfing fire 
accident lasting no less than 30 minutes with an 
average flame temperature of no less than 1475°F 
(802°C)[1].  The package must maintain 
containment, shielding and criticality functions 
throughout the fire event and post-fire cool down 
in order to meet USNRC requirements. 

On July 18, 2001, a CSX freight train carrying 
hazardous (non-nuclear) materials derailed and 
caught fire while passing through the Howard 
Street railroad tunnel in downtown Baltimore, 
Maryland.  (A summary description of the event is 
given in Section 1.1.)  The staff of the USNRC 
Spent Fuel Project Office (SFPO) undertook an 
investigation of the derailment and fire in order to 
determine what impact this event might have had 
on spent nuclear fuel transported by rail. 

The severity of the Baltimore tunnel fire has raised 
questions about the performance of spent fuel 
transportation packages in such an accident.  As 
one element of on-going evaluations related to this 
accident scenario, calculations were performed for 
three spent nuclear fuel transportation packages.  
The TransNuclear Model No. TN-68 (“TN-68”) 
transport package was analyzed using the 
COBRA-SFS code [2].  The HOLTEC Model No. 
HI-STAR 100 (“HI-STAR 100”) and the NAC 
International Model No. LWT (“NAC LWT”) 
transport package were analyzed using the 
ANSYS® code [3].  The analyses were performed 
in parallel to expedite the work and to provide 
independent evaluation of different modeling 
approaches for the two relatively similar large 
package designs.   

Air temperatures and temperatures of the tunnel 
wall, floor and ceiling derived from fire analyses 

performed by the National Institute of Standards 
and Technology (NIST) were used to define the 
boundary conditions for the transient calculations.  
The purpose of the evaluation was to obtain an 
estimate of the temperature response of the various 
components of each of these packages during and 
after the fire. 

This report presents a detailed description of the 
analyses, including boundary conditions, modeling 
approach, and computational results.  Section 2 
describes the NIST tunnel fire model used to 
develop boundary conditions for the thermal 
analyses of the spent fuel transportation packages.  
Section 3 briefly describes the material exposure 
analysis used to verify the predicted temperatures 
obtained in the fire simulations performed by 
NIST.  Section 4 presents a detailed description of 
the spent fuel transportation casks, and the 
computational models developed for the analyses 
are described in Section 5.  Section 6 presents a 
detailed description of the analysis method.  
Section 7 presents the results of the simulation, 
giving a detailed evaluation of predicted response 
for each cask package during and after the fire.  
Section 8 provides an analysis to determine the 
magnitude of any potential release of radioactive 
material as a consequence of the effects of the fire 
on the casks. 

1.1 The Baltimore Tunnel Fire 
Event 

The Howard Street tunnel in Baltimore is a single 
track railroad tunnel of concrete and refractory 
brick.  Originally constructed in 1859, later 
additions extended it to its current length of 1.65 
mi (2.7 km).  The tunnel has an average upward 
grade of 0.8% from the west portal to the east 
portal, and has no active ventilation system.  The 
tunnel measures approximately 22 ft (6.7 m) high 
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by 27 ft (8.2 m) wide in the vicinity of the 
accident; however, the dimensions vary along the 
length.  

The freight train involved in the accident had a 
total of 60 cars pulled by 3 locomotives, and was 
carrying paper products and pulp board in boxcars 
as well as hydrochloric acid, liquid tripropylene1, 
and other hazardous liquids in tank cars [4,5].  As 
the train was passing through the tunnel, 11 of the 
60 rail cars derailed.  A tank car  (see Figure 1.1) 
containing approximately 28,600 gallons 
(108,263 liters) of liquid tripropylene had a 1.5-
inch (3.81-cm) diameter hole punctured in it by 
the car’s brake mechanism during the derailment. 

Ignition of the liquid tripropylene led to the ensu-
ing fire. The exact duration of the fire is not 
known.  Based on NTSB interviews of emergency 
responders, it was determined that the most severe 
portion of the fire lasted approximately 3 hours.  
Other, less severe fires burned for periods of time 
greater than 3 hours.  Approximately 12 hours 
after the fire started, firefighters were able to 
visually confirm that the tripropylene tank car was 
no longer burning. 

 

Figure 1.1. Liquid Tripropylene Tank Car

                                                      
1 Tripropylene carries an NFPA hazards rating of 3 for 
flammability, which is the same as that of gasoline. 
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2 NIST TUNNEL FIRE MODEL 

Experts at the National Institute of Standards and 
Technology (NIST) developed a model [4] of the 
Baltimore tunnel fire using the Fire Dynamics 
Simulator (FDS) code [6, 7]2 to predict the range 
of temperatures present in the tunnel during the 
fire event.  FDS is a computational fluid dynamics 
(CFD) code that models combustion and flow of 
hot gas in fire environments.  FDS solves the 
mass, momentum, and energy equations for a 
given computational grid, and is also able to 
construct a visual representation of smoke flow for 
a given fire. 

To validate FDS for tunnel fire applications, NIST 
developed fire models in FDS based on the 
geometry and test conditions from a series of fire 
experiments conducted by the Federal Highway 
Administration and Parsons Brinkerhoff, Inc. as 
part of the Memorial Tunnel Fire Ventilation Test 
Program [8].  NIST modeled both a 6.83×107 
Btu/hr (20 MW) and a 1.71×108 Btu/hr (50 MW) 
unventilated fire test from the Memorial Tunnel 
Test Program, and achieved results using FDS that 
were within 100°F (56°C) of the recorded 
data[6,7]. 

The full-length 3-dimensional representation of 
the tunnel fire scenario developed by NIST 
included railcars positioned as they were found 
following the derailment and fire.  The source of 
the fire was specified in the simulation as a pool of 
burning liquid tripropylene positioned below the 
location of the hole punctured in the tripropylene 
tank car.  The computational grid for the tunnel 
fire model was relatively fine in the immediate 
vicinity of the fire, in order to properly capture fire 

                                                      
2 Formal publication of the FDS code documentation 
began in 2001 with Version 2.  Continuing validation 
and development of the code led to Version 3 in 2002.  
Version 3 was used in the FDS analyses discussed in 
this report. 

and gas behavior.  The mesh size was expanded at 
distances further from the fire source, where less 
resolution was needed. 

Maximum temperatures calculated in the FDS 
model were on the order of 1800°F (982°C) in the 
flaming regions of the fire.  The model results 
showed that the hot gas layer above the railcars 
within three rail car lengths of the fire was an 
average of 900°F (482°C).  Temperatures on the 
tunnel wall surface were calculated to be in excess 
of 1500°F (816°C) where the fire directly 
impinged on the ceiling of the tunnel.  The average 
tunnel ceiling temperature, within a distance of 
three rail cars from the fire, was 750°F (399°C). 

Additional details associated with the analyses 
performed by NIST can be found in the report on 
the FDS analysis of the Howard Street tunnel fire 
[4]. 
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3 CNWRA MATERIALS EXPOSURE ANALYSIS 

Staff from the Center for Nuclear Waste 
Regulatory Analysis (CNWRA), along with staff 
from NRC and NIST, examined railcars and tank 
cars removed from the Howard Street tunnel 
approximately one year after the fire.  The 
examination of physical evidence provided the 
staff with further insight into the fire environment 
that existed in the tunnel during the accident.  Staff 
from CNWRA also collected material samples 
from the boxcars and tank cars inspected. 

By performing metallurgical analyses on the 
material samples collected, including sections of 
the boxcars exposed to the most severe portion of 
the fire and an air brake valve from the 
tripropylene tanker car, CNWRA was able to 

estimate the fire exposure time and temperature 
for the samples tested.  The material time and 
temperature exposures determined by the 
CNWRA analyses were consistent with the 
conditions predicted by the NIST FDS model of 
the Howard Street tunnel fire [4]. 

Additional details associated with the analyses 
performed by CNWRA can be found in the report 
on the analysis of the rail car components [5]. 
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4 TRANSPORTATION OF SPENT NUCLEAR FUEL 

NRC regulations require that spent fuel 
transportation packages be evaluated for a series 
of hypothetical accident conditions that include a 
30-ft (9 m) drop test, a 40-inch (1 m) pin puncture 
drop test, and a fully engulfing fire with an 
average flame temperature of 1475°F (802°C) for 
a period of 30 minutes.  These tests are followed 
by the immersion of an undamaged package under 
50 ft (15 m) of water [1].  The certification process 
must include either an open pool fire test or an 
analysis of the package for a fire exposure meeting 
the aforementioned criteria.  Packages must 
maintain shielding and criticality control functions 
throughout the hypothetical accident conditions.  

4.1 Transportation Packages 
Analyzed  

This investigation evaluates how a fire similar to 
the Howard Street tunnel fire might affect three 
NRC-approved spent fuel transportation package 
designs.  These include the HOLTEC HI-STAR 
100 and TransNuclear TN-68 rail transportation 
packages, and NAC LWT transportation package.  
The LWT was selected because it represents a 
typical truck (over-the-road) package that can also 
be transported by rail.  The design of each of these 
packages is briefly described below.   

4.1.1 TransNuclear TN-68 SNF 
Transportation Package 

The TN-68 spent fuel shipping package transports 
BWR spent fuel assemblies.  The basic design is 
similar to that of the HOLTEC HI-STAR 100, 
except that the TN-68 package does not include an 
inner sealed canister.  The containment boundary 
is provided by the package shell and lid seals.   

The TN-68 package holds up to 68 BWR 
assemblies, with a maximum total decay heat load 

of 72,334 Btu/hr (21.2 kW).  The fuel assemblies 
are contained within a basket structure consisting 
of 68 stainless steel tubes that have aluminum and 
borated aluminum (or boron carbide/aluminum 
composite) neutron poison plates sandwiched 
between the steel tubes.  The general layout of the 
TN-68 package is illustrated in Figures 4.1 and 
4.2.  Detailed information on the design can be 
found in the appropriate sections of the TN-68 
Safety Analysis Report (SAR) [9]. 

 

Figure 4.1. Cross-section of TN-68 Package 
(drawing 972-71-3 Rev. 4, “TN-68 
Packaging General Arrangement: 
Parts List and Details”) 

The basket structure is supported by aluminum 
alloy support rails bolted to the inner carbon steel 
package shell, which also serves as the inner 
gamma shield.  This inner steel shell is shrink-
fitted within an outer carbon steel shell that serves 
as the outer gamma shield.  The gamma shielding 
is surrounded by the neutron shielding, which 
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consists of a ring of aluminum boxes filled with 
borated polyester resin.  The outer shell of the 
package is carbon steel. 

 

Figure 4.2. TransNuclear TN-68 Spent Fuel 
Transportation Package 

The package bottom is carbon steel with an inner 
steel shield plate.  The package lid is also carbon 
steel with a steel inner top shield plate.  During 
transport, the ends of the package are capped with 
impact limiters made of redwood and balsa and 
covered in stainless steel plate.  The TN-68 weighs 
approximately 260,400 lb (118,115 kg) when 
loaded for transport. 

4.1.2 HOLTEC HI-STAR 100 SNF 
Transportation Package 

This design provides an additional containment 
boundary in the form of a welded multi-purpose 
canister (MPC) enclosing the spent fuel.  (The 
outermost containment boundary is provided by 
the package shell and lid seals.)  HOLTEC has a 
variety of MPC configurations designed to 
accommodate three different spent fuel loading 
configurations: up to 24 PWR assemblies, up to 32 
PWR assemblies, or up to 68 BWR assemblies.  
The MPC-24 configuration was selected for this 
evaluation.  This design has an integral fuel basket 
that accommodates 24 PWR spent fuel assemblies 
with a maximum total decay heat load of 68,240 

Btu/hr (20.0 kW).  The MPC is placed in the 
transportation package (or overpack) for shipment 
after it has been loaded with spent nuclear fuel and 
welded shut.  A diagram of the HI-STAR 100 
package system (MPC and overpack) is provided 
in Figure 4.3.  The package inner shell is 
stainless steel, and six layers of carbon steel 
plates comprise the gamma shield.  The next 
layer is a polymeric neutron shield, 
strengthened by a network of carbon steel 
stiffening fins.  The outer shell of the package 
is carbon steel, with a painted outer surface.  

 

 

Figure 4.3. HOLTEC HI-STAR 100 Spent 
Fuel Package 

Aluminum honeycomb impact limiters with  
stainless steel skin are installed on the ends of the 
package prior to shipping.  Impact limiters protect 
the closure lid, MPC, fuel basket, and contents 
from damage in the event of a package drop 
accident.  The impact limiters also provide thermal 
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insulation to the lid and port cover components in 
the event of a fire exposure.  Figure 4.4 shows an 
illustration of this package secured to a railcar, 
with impact limiters installed.  This package 
weighs approximately 277,300 lb (125,781 kg) 
when loaded for transport.  Additional 
configuration details are provided in the HI-STAR 
100 Package System SAR [10]. 

 

Figure 4.4. Spent Fuel Transportation Package 
on Railcar3  

4.1.3 NAC LWT SNF Transportation 
Package 

The NAC LWT is a small transportation package 
certified for transport on a standard tractor trailer 
truck, but can also be transported by rail.  The 
NAC LWT is typically shipped within an 
International Organization for Standardization 
(ISO) shipping container.  Figure 4.5 shows a 
picture of a NAC LWT package on a flat-bed 
trailer with a personnel barrier installed, but 
without an ISO container.  Figure 4.6 shows an 
exterior view of the package within an ISO 
container on a flat-bed trailer. 

This package is designed to transport a variety of 
commercial and test reactor fuel types with widely 
varying maximum decay heat load specifications 

for the different fuels.  For the purposes of this 
analysis, the package was assumed to contain a 
single PWR spent nuclear fuel assembly, with a 
maximum decay heat load of 8,530 Btu/hr (2.5 
kW).  This is the highest heat load the package is 
rated for with any spent fuel it is designed to carry, 
and thus provides a conservative thermal load for 
the fire accident scenario.  The loaded package 
weighs approximately 52,000 lb (23,586 kg).  The 
containment boundary provided by the stainless 
steel package consists of a bottom plate, outer 
shell, upper ring forging, and closure lid.     

 

Figure 4.5. NAC LWT Transport Package 
(without ISO container) 

 

 

Figure 4.6. NAC LWT Transport Package 
(with ISO container) 

The package has an additional outer stainless steel 
shell to protect the containment shell, and also to 

                                                                                   
3 Image courtesy of HOLTEC International. 
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enclose the lead gamma shield.  Neutron shielding 
is provided by a stainless steel neutron shield tank 
containing a water/ethylene glycol mixture.  An 
additional annular expansion tank for the mixture 
is provided, external to the shield tank.  This 
component is strengthened internally by a network 

of stainless steel stiffeners. Aluminum honeycomb 
impact limiters covered with an aluminum skin are 
attached to each end of the package.  Additional 
configuration details are provided in the SAR for 
this transport package [11].
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5 ANALYSIS APPROACH 

The analytical approach used to evaluate the 
response of the selected transportation packages 
was to construct highly detailed 3-D models 
capable of accounting for all of the significant heat 
transfer paths, and exposing them to boundary 
conditions from the postulated Howard Street 
tunnel thermal environment.  All three 
transportation package models were constructed in 
parallel to expedite the evaluation.  Two different 
computer analysis codes were used for the large 
multi-assembly packages, to provide independent 
verification of the analytical results.  The TN-68 
package was modeled using the COBRA-SFS 
finite-difference thermal-hydraulic analysis code 
[2], while the HI-STAR 100 and NAC LWT 
packages were modeled using the ANSYS  [3] 
general FEA code.  Three-dimensional models of 
each of the packages were developed for these 
analyses. 

These three-dimensional models were subjected to 
boundary conditions obtained from the results of 
the FDS simulation using the NIST model of the 
Howard Street tunnel.  (See Section 6 for a 
detailed discussion of the analysis method.)  The 
boundary conditions were developed from 
temperature and flow predictions for the 
postulated fire and post-fire scenario, and applied 
to the TN-68, HI-STAR 100, and LWT models.   

Peak tunnel surface temperatures, peak gas 
temperatures, and associated gas velocities 
predicted in the FDS analysis were selected at 66 
ft (20 m) down-stream from the fire source.  This 
location corresponds to the shortest possible 
distance between the fire center and a SNF 
package being transported by rail.  The distance 
was determined based on Department of 
Transportation regulations that require railcars 
carrying radioactive materials to be separated from 
other cars carrying hazardous materials or 

flammable liquids by at least one innocuous railcar 
(referred to as a buffer car) [12].   

The package was assumed to be horizontal, with 
one end of the package facing the fire source.  
This orientation results in maximum possible 
exposure to the fire-driven flow of hot gas along 
the length of the package, and is the most adverse 
position for free convection cooling of the package 
during the post-fire cool down.  

The FDS analysis predicted a 7-hour fire, and the 
calculation was extended out to a 23-hour post-fire 
cool-down, for a total simulation time of 30 hours.  
To determine the packages’ complete transient 
temperature responses, and to explore the effects 
of prolonged exposure to post-fire conditions in 
the tunnel, the COBRA-SFS and ANSYS analyses 
extended the post-fire duration to 300 hours.  
Tunnel wall and air temperatures predicted in the 
FDS analysis at 30 hours were extrapolated from 
30 hours to 300 hours using a power function, to 
realistically model cool-down of the tunnel 
environment. 

5.1 Model of TN-68 Transportation 
Package 

The TN-68 package was analyzed with COBRA-
SFS, a code developed by PNNL for thermal-
hydraulic analyses of multi-assembly spent fuel 
storage and transportation systems.  The code uses 
a lumped-parameter finite-difference approach for 
predicting flow and temperature distributions in 
spent fuel storage systems and fuel assemblies 
under forced and natural circulation flow 
conditions.  It is applicable to both steady-state 
and transient conditions in single-phase gas-cooled 
spent fuel packages with radiation, convection, 
and conduction heat transfer.  The code has been 
validated in blind calculations using test data from 
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spent fuel packages loaded with actual spent fuel 
assemblies as well as electrically heated single-
assembly tests [13,14,15]. 

The TN-68 package was modeled in COBRA-SFS 
as a one-half section of symmetry.  Figure 5.1 
shows a diagram of the center cross-section of the 
basket and support rails as represented in the 
COBRA-SFS model.  The fuel assemblies within 
the basket are each modeled as detailed rod and 
subchannel arrays, and the tubes containing the 
fuel assemblies are represented using solid 
conduction nodes. 

 

Figure 5.1. COBRA-SFS Model of TN-68 
Basket and Support Rails 

The aluminum and borated aluminum neutron 
poison plates sandwiched between the tubes are 
represented as an interconnected network of solid 
conduction nodes.  The gamma shielding, neutron 

shielding, and outer steel shell are represented 
with concentric rings of interconnected solid 
conduction nodes with appropriate material 
properties.  (For clarity, these nodes are not 
included in the diagram shown in Figure 5.1.)  The 
half-section of the TN-68 package is represented 
with about 69,000 fluid nodes, 53,000 fuel nodes, 
and over 16,000 solid conduction nodes. 

The solid conduction nodes extend over 32 axial 
divisions comprising the axial length of the 
package.  In cross-section, the stainless steel tubes 
containing the fuel assemblies are represented 
using two solid conduction nodes on each face of 
the enclosure, for a total of eight nodes per tube.  
The aluminum and borated aluminum neutron 
poison plates sandwiched between the tubes are 
represented as an interconnected network of solid 
conduction nodes that are in intimate physical 
contact with the stainless steel tubes and with each 
other.  A total of 272 nodes are used to represent 
the 34 steel tubes in the half-section of symmetry.  
The borated aluminum neutron poison plates 
making up the rest of the basket are modeled with 
a total of 83 solid conduction nodes.  The 
aluminum alloy basket rails are represented with a 
total of 36 solid conduction nodes, and provide 
appropriate thermal connections between the 
basket and the steel inner gamma shield.   

The gamma shielding, neutron shielding, and outer 
steel shell are represented in the COBRA-SFS 
model as concentric rings of interconnected solid 
conduction nodes.  The spent fuel arrays within 
the basket are assumed to be 7 x 7 BWR 
assemblies (the design basis fuel loading for the 
TN-68, as specified in the SAR [9]).  Each 
assembly is modeled in detail, with 49 rods and 64 
subchannels.    

In cross-section, the gamma shielding is 
represented with two rings of 16 nodes each, 
representing the inner and outer steel shells of this 
component.  The neutron shield in cross-section is 
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represented with three rings of nodes (for a total of 
48 nodes), with properties and connections defined 
to represent the material properties and thermal 
interactions of the ring of aluminum boxes filled 
with borated polyester.  In cross-section, the outer 
steel shell of the package is represented with a ring 
of 16 nodes, with appropriate thermal connections 
to the neutron shielding on one side and ambient 
air on the other. 

The COBRA-SFS model was verified by running 
the steady-state case for design basis normal hot 
transport conditions. The predicted peak clad 
temperature for these conditions was compared 
with the peak temperature reported in the SAR.  
The code predicts a peak clad temperature of 
485°F (252°C); the SAR gives a value of 490°F 
(254°C) for these conditions (see Chapter 3, Table 
3-1 in the TN-68 SAR [9]). 

The steady-state solution obtained for normal hot 
transport conditions was used to define the pre-fire 
condition for the package in the transient 
calculations simulating the Baltimore tunnel fire.  
This provides a conservative estimate of the initial 
temperatures throughout the package, since the 
boundary conditions for normal hot transport are 
specified as 100°F (38°C) ambient temperature in 
still air with insolation.   

The external air temperatures predicted for the fire 
in the NIST simulation are sufficiently high to boil 
off the borated polyester neutron shield and 
completely char the wooden impact limiters.  In 
both cases, the normal material would be replaced 
with material that would tend to insulate the 
package from the fire (i.e., air in place of the 
borated polyester, charred wood in place of the 
wooden impact limiter material.)   

To maximize the heat load to the package from the 
fire, it was assumed for the purposes of the 
calculation that these materials would persist intact 
throughout the fire (rather than gradually 

degrading or burning off.)  Then at the end of the 
fire (6.75 hours into the transient), these materials 
would be instantly transformed to a degraded 
condition.  For the nodes modeling the neutron 
shield, this was simulated in the calculation by 
changing the material properties to hot air at the 
end of the fire.  The material properties specified 
for the nodes modeling the wooden impact limiters 
were changed from redwood to charcoal at the end 
of the fire. 

The material properties from the package vendor's 
Safety Analysis Report (SAR) were verified and 
then used in the analyses [9].  The material 
properties used in this evaluation are given in 
Appendix A. 

5.2 Model of HI-STAR 100 
Transportation Package 

The ANSYS model of the HI-STAR 100 package 
consists of a detailed three-dimensional 
representation of a half-section of symmetry for 
the package, its cradle support4, and the rail car 
decking directly below the cradle.  (The remainder 
of the rail car was omitted from the model because 
it would partially shield the package from thermal 
radiation from the hot tunnel surfaces and block 
convection heat transfer to the package due to the 
flow of hot gas generated by the fire.)  This half-
section model of the package was placed within a 
complete cross-section of the surrounding tunnel. 

The model developed for the HI-STAR 100 
package utilized 120,412 SOLID70 and 1,542 
SHELL57 thermal elements for conduction.  It 
used two groups of 13,573 SURF152 surface 
effect elements for handling convection states in 
                                                      
4Dimensions and materials for the rail car decking and 
the cradle were based on current (as of  June 2005) 
specifications from the package vendor.  Cradle design 
determines the height of the cask within the tunnel, the 
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the pre-fire steady state and the fire accident 
transient.  For radiation interaction, 288 highly 
structured AUX-12 generated MATRIX50 
superelements were constructed using SHELL57 
elements.  Solar insolation (from 10CFR71 [1]) for 
the pre-fire condition was assigned via heat 
generation to the first group of 13,573 SURF152 
surface effect elements.  A portion of the model is 
shown in Figure 5.2.  (In this figure most of the 
tunnel has been omitted for clarity.) 

The material properties from the package vendor's 
Safety Analysis Report were verified and used in 
the analysis [10].  The model explicitly represents 
the geometry of the package, including the internal 
geometry of the fuel basket, all gaps associated 
with the basket construction, as well as the integral 
neutron absorber plates.  Figures 5.3 through 5.6 
show cross-sections of the HI-STAR model 
highlighting key features that were included. 

 

Figure 5.2. ANSYS HI-STAR 100 Package 
Analysis Model Element Plot 

Figure 5.3 shows the cross-section of the package, 
canister, cradle, and transport car section.  In this 
figure, all helium conduction volumes have been 
removed for visualization purposes.  The cradle 

                                                                                   
geometry of direct conduction paths from the cask, and 
can affect thermal shielding of the cask during the fire.  

section and rail car section were modeled as 
hollow enclosures.  All internal radiation and 
convection influences associated with these two 
enclosures were accounted for using AUX-12 
generated MATRIX50 superelements (constructed 
with SHELL57 elements) and SURF152’s with the 
extra node option, respectively. 

 

Figure 5.3. Cross-section of Package, Cradle, 
and Rail Car Section 

Conduction within the cradle and trailer material 
sections was also accounted for using additional 
SHELL57 elements with thickness option applied.  
Natural convection correlations and specially 
constructed automated subroutines written in 
ANSYS Parametric Design Language (APDL) 
were used to continuously evaluate and update the 
convective coefficients of heat conductance.  
Fourteen separate passive computation nodes were 
assigned as “extra nodes” for the SURF152 
surface effect elements used in specifying the 
convection interaction within the cradle and rail 
car section (seven for each – not shown in Figure 
5.3).  Section 6 presents a discussion of the natural 
convection correlations used in this analysis. 

Figure 5.4 shows the cross-section of the package 
and canister, with the overall basket structure.  As 
in Figure 5.3, all helium conduction volumes have 
been removed for visualization purposes.  This 
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figure displays the general fuel compartment 
layout within the MPC-24 basket structure, and 
includes the inner shell (light green), gamma 
shield (dark blue), and the neutron shield (purple) 
components of the HI-STAR 100. 

 

Figure 5.4. Cross-section of HI-STAR Package 
and MPC-24 Canister 

 

Figure 5.5. Close-up of Package Cross-section 

The model cross-section in Figure 5.5 shows that 
the fillet welds joining the sections of the package 
outer skin and the expansion foam in the neutron 
shield area have been modeled explicitly.  Special 
element material definitions were created for the 
elements providing the connection between the 
fins enclosing the neutron shield and the gamma 

shield.  The material definition was specified such 
that the thermal conductivity could be readily 
degraded to represent the effect of single-sided 
fillet welds (i.e., not full penetration) that are used 
in this connection. Since the thermal conductivity 
through single-sided fillet welds is difficult to 
determine objectively, the conductivity of this 
material in the pre-fire steady state and post-fire 
transient was conservatively reduced to half of that 
of the solid base material.  The effect of this 
assumption is to conservatively minimize the 
rejection of internal heat.  During the fire, 
however, the thermal conductivity of these 
elements was assumed to be the same as the solid 
base material, mimicking that of a full penetration 
weld.  This approach was used to conservatively 
maximize the heat input into the package during 
the fire. 

Special material definitions were also created for 
the elements making up the multi-layer steel 
gamma shield (dark blue in Figures 5.5 and 5.6.)  
To account for the probability of gaps between the 
five steel sheets due to standard manufacturing 
practices, a gap of 0.01 inch was assumed to exist 
between each layer.  Effective material thermal 
conductivities were then calculated for the gaps, 
accounting for conduction through gas in the gap 
and radiation across the gap.  These material 
property definitions were used in the pre-fire 
steady state and the post-fire transient to 
conservatively minimize the rejection of internal 
heat.  However, the conduction properties of these 
elements were reassigned to that of solid material 
(i.e., equivalent to assuming no gaps between 
these layers during the fire), to conservatively 
maximize the heat input into the package.  

Figure 5.6 presents a detailed view of the basket 
cross-section showing a typical basket fuel com-
partment (purple) containing a homogenized fuel 
assembly (light blue) surrounded by Boral sheets 
and their associated sheathing.  Also shown in this 
figure are the MPC canister shell (blue-green) and 



 

 5.6 

the package containment/inner shell (lime).   The 
same features are shown in Figure 5.7 with the 
elements for the helium regions included. 

 

Figure 5.6. Close-up of Canister Basket 
Structure and Fuel Compartment 
Configuration (without helium 
elements) 

 

Figure 5.7. Close-up of Canister Basket 
Structure and Fuel Compartment 
Configuration (with helium 
elements) 

Westinghouse 17x17 OFA fuel was selected for 
this evaluation.  The effective fuel conductivity in 
the radial direction was determined using the 
approach documented in the HOLTEC SAR [10].  
This approach uses a homogenization scheme 

similar to that presented by Bahney and Lotz [16], 
modified to include a helium gap between the 
homogenized fuel region and the fuel 
compartment, and the effect of cover gas 
pressurization. 

Axial conductivity for the homogenized fuel 
region was modeled with the cladding as the only 
conduction medium, using a cross-sectional area 
weighting scheme.  The remaining portion of the 
homogenized region was considered to be helium.  
Density and heat capacity were based on 
volumetric averages of the cover gas, cladding, 
upper and lower end fittings, and uranium oxide 
fuel.  A normalized peaking factor of 1.1 (from the 
design basis axial power distribution in the SAR 
[10]) was used to establish the volumetric heat 
generation of 2,843 Btu/hr (0.833 kW) over each 
assembly along the active fuel length. 

Orthotropic effective conductivity properties were 
developed for the Boral to include the radiation 
and conduction heat transfer components through 
an assumed helium gap of 0.0035 inch between 
the Boral sheet and its stainless sheathing, and 
between the Boral and stainless basket structure.  

Modeling of the radiation interaction within the 
basket, canister, and package was accomplished by 
unselecting all helium regions and coating each 
respective interacting set of surfaces forming 
enclosures with SHELL57 elements with specified 
emissive material properties.  The SHELL57 
elements were then used to produce highly struc-
tured AUX-12 generated MATRIX50 super-
elements, each defined by a enclosure.  A total of 
269 MATRIX50 superelements were defined to 
capture the radiation interaction within the 
package and canister.  

Helium conduction and convection within the gas 
regions inside the canister were accounted for by 
computing effective conduction properties, 
assuming limited internal convection and 
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pressurization.  The effective conductivity for 
these regions was established to be roughly 2.25 
times the thermal conductivity of helium.  
Standard helium properties were used for the 
helium gas between the canister and the package.  

Figure 5.8 shows an element plot of the top impact 
limiter honeycomb core and steel substructure of 
the HI-STAR 100 package, including the Holtite-
A neutron shield material sections.  (The impact 
limiter skin is omitted for visual clarity.)  The 
bottom impact limiter is similar to the top impact 
limiter, except for the bolting configuration and 
the extended steel ring covering the top forging, 
lid, and buttress plate.  Figure 5.9 shows the top 
impact limiter skin and support structure, without 
the honeycomb core and the neutron shield 
materials included. 

The impact limiters are assembled with five differ-
ent types of honeycomb sections.  Gaps between 
the honeycomb sections, the steel substructure, 
and skin were conservatively ignored to maximize 
heat input during the fire.  Thermal properties for 
the honeycomb sections were based on volumetric 
averages of each section using properties 
published by the honeycomb manufacturer [17]. 

Radiation interaction between the package ends 
and impact limiters was modeled by coating each 
respective interacting set of surfaces with 
SHELL57 elements with specified emissive 
material properties.  The SHELL57 elements were 
then used to produce highly structured AUX-12 
generated MATRIX50 superelements.  A total of 
16 MATRIX50 superelements were defined to 
capture the radiation interaction between the 
package and impact limiter surfaces. 

Conduction and natural convection heat transfer 
between the package and impact limiter surfaces 
was handled using SURF152 surface effect 
elements.  Correlations and specially constructed 
automated subroutines written in APDL were used 

to continuously evaluate and update the assigned 
convection coefficients of heat conductance.   

 

Figure 5.8. Complete Impact Limiter (Except 
Skin) 

 

Figure 5.9. Impact Limiter Skin and Primary 
Support Structure 

Sixteen separate passive computation nodes were 
assigned as “extra nodes” for the SURF152 
surface effect elements used in specifying the 
convection interaction within the cradle and rail 
car section (eight for each package end.)  (The 
natural convection correlations used are presented 
in Section 6.)  Convection coefficients of heat con-
ductance were conservatively boosted by a 
multiplicative factor of 100 between limiter and 
package during the fire to mimic enhanced heat 
conduction at this interface due to rapid thermal 



 

 5.8 

expansion.  These values were returned to normal 
after the end of the fire. 

The tunnel structure for this evaluation was 
represented by an enclosure approximately 22 ft 
(6.7 m) high by 27 ft (8.2 m) wide and 42 ft 
(12.8 m) long.  The enclosure was capped at both 
ends and assigned the same boundary condition on 
the end caps as on the walls and ceiling.  As 
specified by dimensions of the rail car decking and 
cradle, the transport system was located such that 
the center axis was 8.2 ft (2.5 m) above the tunnel 
floor, leaving 12.2 inches (31 cm) underneath the 
lowest part of the rail car decking.   

The tunnel enclosure was divided into three 
sections; top, side, and bottom.  The floor of the 
enclosure was considered the bottom.  The top was 
conservatively considered to be all surfaces 
(including the end caps) in the range from 15.8 to 
22 ft (4.8 to 6.7 m).  All surfaces from the floor to 
15.8 ft (4.8 m) were considered to be the side 
region.  These divisions are shown in Figure 5.10.     

 

 

Tfloor 

Twall 

Tceiling 

Twall 
htop (Ttop,Vtop) 

hside (Tside,Vside) 

hbottom (Tbottom,Vbottom) 

 

Figure 5.10. Boundary Sections for Tunnel and 
Package Model 

The selected boundary temperatures for each 
section were the maximum in that region (top, 
side, and bottom, corresponding to ceiling, wall, 

and floor in the FDS simulation from NIST; see 
Section 6.)   

To determine the convection heat transfer to the 
package during the fire scenario, the exposed 
surfaces of the package were also divided into 
three section.  The top section was defined as all 
surfaces above 9.4 ft (2.9 m).  The bottom section 
was defined as the bottom of the rail car segment 
of the model.  The side surfaces of the package 
were conservatively defined to be all remaining 
outer surfaces of the package.  The surface 
elements of these sections are pictured in Figures 
5.11 through 5.13.   

 

Figure 5.11.  Surfaces Defined for Interaction  
 with “Top” Gas Region 

The bottom surface of the rail car section was the 
only surface influenced by convection heat 
transfer in the bottom gas region.  In actuality, 
none of the “top” surfaces would be directly 
exposed to the highest temperature gas region at 
the top of the tunnel, because the package is not 
positioned that high in the tunnel.  This 
assumption therefore represents an additional 
conservatism in the analysis. 

Forced and natural convection correlations and 
specially constructed automated subroutines 
written in APDL were used to continuously 
evaluate and update the assigned convective 

98” 
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coefficients of heat conductance for the surface of 
the package during pre-fire, fire, and post-fire 
phases based on gas velocity. 

 

Figure 5.12.  Surfaces Defined for Interaction  
 with “Side” Gas Region 

 

Figure 5.13.  Surfaces Defined for Interaction  
 with “Bottom” Gas Region 

Radiation interaction between the transport system 
and its partial conveyance and the tunnel was 
established by coating all respective interacting 
surfaces with SHELL57 elements with specified 
emissive material properties.  The SHELL57 ele-
ments were then used to produce a highly struc-
tured AUX-12 generated MATRIX50 
superelement. 

The Baltimore tunnel fire evaluation of the HI-
STAR 100 was conducted in three phases.  These 
were the pre-fire, fire, and post-fire phases.  For 
the pre-fire phase, the hot-normal conditions of 
transport were evaluated assuming solar insolation 
and a 100°F (38°C) ambient temperature, in 
accordance with 10CFR71.71 [1].  This 
conservatively established initial component 
temperatures.  During this phase, the fillet welds 
joining the fins to the gamma shield were specified 
with their realistically reduced conduction and 
conservative gas gaps were assumed between the 
layers of the gamma shield. 

For the fire phase of the evaluation (0 ≤ t ≤ 7 hr), 
solar insolation was shut off, the tunnel surfaces 
were introduced, and the transport package and 
tunnel surfaces were assigned an emissivity of 0.9 
to represent surfaces affected by sooting.  Air gaps 
originally assumed to be present between the 
gamma shield plates were removed, and good 
conduction contact was assumed to exist where the 
heat fins attach to the gamma shield.  Convection 
coefficients of heat conductance were 
conservatively multiplied by a factor of 100 
between the impact limiters and package body to 
mimic enhanced heat conduction due to rapid 
thermal expansion.  In addition to these 
conservative measures, to maximize heat input 
during the fire, all aluminum honeycomb and 
neutron shield resin materials were assumed to 
remain intact during the full duration of the fire. 

For the post-fire phase of the evaluation (t > 7 hr), 
aluminum honeycomb sections exceeding an 
average temperature of 1220°F (660°C) and all 
neutron shield material sections were degraded to 
thermal properties identical to that of air.  
Conservatively, the energy that would be absorbed 
due to phase change in this material was not 
subtracted from the heat input to the package.  In 
addition, all gamma shield gaps and reduced fin 
fillet weld conduction properties were reintro-
duced.  Finally, convection coefficients of heat 
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conductance between the impact limiters and 
package body were returned to normal for the 
remainder of the simulation. 

The material properties from the package vendor’s 
SAR [10]were verified and then used in the 
analyses.  The material properties used in this 
evaluation are listed in Appendix B. 

5.3 Model of NAC LWT 
Transportation Package 

The model for the NAC LWT package constructed 
in ANSYS is similar in structure to the HI-STAR 
100 model described in Section 5.2. A detailed 
three-dimensional model of a half-section of 
symmetry was developed for the package and ISO 
container, within the same tunnel geometry.  A 
diagram of the package and shipping container 
model and partial tunnel is shown in Figure 5.14.  

 

Figure 5.14.  ANSYS NAC LWT Package 
Analysis Model Element Plot 

The model used 40,333 SOLID70 8-node brick 
elements and 3,409 SHELL57 4-node quadrilateral 
thermal elements to represent the structural 
components. A total of 6,931 SURF152 elements 
were used to incorporate radiation and convection 
heat transfer to the ISO container and tunnel 
environment for the various surfaces, and 12 

MATRIX50 elements were used to model 
radiation heat exchange between package surfaces. 
The surface effect elements were also used to 
generate solar insolation loads for calculation of 
the initial temperature distribution for the package.  

The model geometry was developed from the 
vendor’s engineering drawings from the package 
SAR [11]. The model cross-section is shown in 
Figure 5.15. The package contains a cylindrical 
solid aluminum basket that holds a single fuel 
assembly. The helium gaps between the fuel and 
the basket, and between the basket and package 
shell, were explicitly modeled with solid elements.  

 

Figure 5.15. Cross-section of NAC LWT 
Package 

The package body is constructed of several 
stainless steel shells to provide structural support 
and gamma shielding. The innermost shell is 
surrounded by a layer of lead that acts as a gamma 
shield. The outermost stainless steel shell is 
surrounded by an annular tank containing a 
solution of ethylene glycol and water which acts as 
a neutron shield.  The tank is contained by an 
outer stainless steel skin and an annular overflow 
tank that extends approximately one-third of the 
axial length of the package body.  All of these 
components were modeled using brick elements.  
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The tank is constructed with eight stainless steel 
support ribs (in the half section) connecting the 
skin to the outer shell.  These structures were 
modeled with shell elements.  The package bottom 
is constructed with a stainless steel base, a layer of 
lead shielding, and a steel cover. The upper end of 
the package is sealed with a stainless steel lid (see 
Figure 5.16).  Impact limiters attached to the ends 
of the package consist of an internal aluminum 
honeycomb structure covered by an aluminum 
skin. The expansion tank to handle overflow of the 
liquid neutron shield consists of an outer stainless 
steel skin.  

 

Figure 5.16.   NAC LWT Package Geometry 

The entire package is contained in an ISO 
container constructed of stainless steel plate. This 
is based on the assumption that an ISO container 
would be required if the NAC LWT were shipped 
by rail.  (The consequences of this hypothetical 
accident scenario on a package shipped without an 
ISO container are discussed with the results of this 
analysis in Section 7.3.)  The package and 
container model is oriented horizontally in the 
tunnel with the center of the ISO container is 97.7 
inches (248 cm) above the tunnel floor. 

Heat exchange via conduction, convection, and 
radiation was carefully modeled between all of the 
components to provide a sound estimate of 
package temperatures during the transient fire 
event. Conduction is handled inherently by the 

elements modeling each component, but 
convective and radiation mechanisms must be 
carefully implemented.  

Westinghouse 17x17 OFA fuel was used in this 
evaluation. The fuel assembly was modeled with 
an effective conductivity determined using a 
homogenization scheme similar to that presented 
by Bahney and Lotz [16], modified to include a 
helium gap between the homogenized fuel region 
and the fuel basket.  This yields a more realistic 
representation of the temperature profile through 
the assembly, and takes into account the effect of 
the non-uniform wall temperature distribution 
around the assembly.  

Axial conduction in the homogeneous fuel region 
was conservatively neglected in the fuel itself, and 
was modeled only in the cladding, using the 
conductivity of Zircaloy modified by a weighting 
scheme based on the cross-sectional area. The 
effective density and heat capacity for the fuel 
region was based on volumetric averages of the 
properties of the helium cover gas, fuel rod 
cladding, and uranium oxide fuel pellets. The 
design basis axial power profile from the SAR 
[11], which has a normalized peaking factor of 
1.2, was used to establish the volumetric heat 
generation of 8,532 Btu/hr (2.5 kW) over the 
assembly along the active fuel length. 

The 0.225-inch (0.57-cm) gap filled with helium 
cover gas between the fuel and the basket was 
modeled with solid elements and used standard 
helium thermal properties for conduction and 
specific heat.  Convection was ignored in this 
small gap. Radiation exchange between the 
adjacent surfaces was modeled using MATRIX50 
superelements. These were created by using 
SHELL57 to designate the discrete enclosure, and 
the AUX-12 hidden ray-tracing method was used 
to compute view factors for each element in the 
superelement. The 0.25-inch (0.64-cm) gap 
between the basket and the inner shell was 
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modeled in the same manner, also assuming 
negligible convection. 

The entire package model was enclosed within 
elements modeling the ISO container.  For the 
large air volumes in the ISO container, conduction 
across the gaseous medium is negligible but 
significant convection currents will be created by 
the buoyant forces due to the heated surfaces. 
Surfaces with unobstructed views of other surfaces 
will also experience significant radiation exchange 
that is highly dependent on the surface geometry. 
Therefore, heat exchange between the package 
exterior and the container interior was modeled 
with internal free convection and radiation 
between adjacent surfaces.  

The radiation was implemented using the 
MATRIX50 superelement procedure described in 
Section 5.2 for the Holtec HI-STAR 100 model. 
The convection calculations were based on 
empirical relations for free convection over flat 
plates and cylinders (see Section 6). Convection 
was implemented using SURF152 elements. These 
elements are placed on the exterior surface of a 
body and communicate with the designated sink 
temperature assigned to a single node (called the 
“space node”) to compute the heat flux. 

Because convection heat transfer rates are 
expected to vary in different regions throughout 
the ISO container, the single volume was divided 
into 17 zones. These consisted of a zone on each 
end of the package, three zones representing the 
top, side, and bottom radial surfaces for each 
impact limiter, and similar zones for the package 
for three locations along its axial length (see 
Figure 5.17.)  

A sink temperature was defined for each zone, 
computed as the average surface temperature of 
the participating package and container elements 
for that zone.  The convective heat transfer 
coefficient was assigned to the package and 

container elements based on the temperature 
difference between the surface and sink 
temperature, and the surface geometry, as 
described in Section 6. The heat exchange between 
these surfaces and the space node was then 
computed by ANSYS during the solution. 

 

Figure 5.17.  Zones for Convection Heat 
Transfer Within the ISO Container 

Convection and radiation are also the two mechan-
isms required to model thermal exchange from the 
exterior of the ISO container.  In the fire analysis, 
the initial temperature distribution is obtained 
from a steady-state solution with conditions 
specified by 10CFR71.71 [1], followed by a 
transient solution representative of the fire.  For 
the steady-state solution, convection is handled by 
SURF152 elements with a constant convection 
coefficient of 0.891 Btu/hr-ft2-°F (5.06 W/m2-°K) 
and an ambient temperature of 100°F (38°C).  
Solar insolation is incorporated by using SURF152 
elements with heat generation on the outer surface 
at the rate specified in 10CFR71 [1].  

During the fire, the sink node temperature for the 
SURF152 elements is set and the external 
convection coefficient is computed using a forced 
convection relation derived using the gas 
temperatures and velocities from the results of the 
NIST fire simulation using FDS. These results 
were obtained for the top, side, and bottom of the 
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tunnel, and applied to three zones defined on the 
top, sides, and bottom of the ISO container, as 
illustrated in Figure 5.18.  By the end of the 
transient simulation using FDS (i.e., 30 hours), the 
predicted gas velocities have dropped to the point 
that free convection is the only significant mode of 
convection heat transfer.  From this point in the 
transient, the convection coefficient is computed 
in the same manner as described for the steady-
state initial conditions.  

Thermal radiation between the container and the 
tunnel during and after the fire is incorporated by 
the MATRIX50 elements, as described previously, 
where the top, side, and bottom temperatures of 
the tunnel from the NIST fire simulation are 
imposed as boundary conditions. A conservative 
emissivity value of 0.9 was used for the tunnel 
surfaces and ISO container exterior, to account for 
the effect of sooting. 

 

Figure 5.18.   Zones for External Radiation  
  Between ISO Container and  
  Tunnel Surfaces 

The material thermal properties used in the model 
are listed in Appendix C, and were obtained 
primarily from the vendor’s SAR [11].  Some 
modifications were made to the material properties 
to account for structural configuration and 
expected effects of the fire.  For the aluminum 
honeycomb material, the significant void volume 

reduces the heat transfer capability compared to 
solid material.  The thermal conductivity assigned 
to the impact limiters was scaled by the ratio of the 
honeycomb density to the solid aluminum density.  

Modeling of the liquid neutron shield was 
complicated by the expectation that the 56% 
ethylene glycol liquid will exceed its boiling point 
during a fire transient, leading to tank rupture and 
vaporization of the contents, which significantly 
affects the heat transfer of the package.  Prior to 
rupture, the liquid in the tank is expected to sustain 
convective currents due to temperature gradients 
through the liquid between the tank surfaces. After 
rupture, empirical relations were used to obtain 
separate effective conductivities for the shield tank 
and expansion tank.  

The empirical relations were based on correlations 
by Raithby and Hollands [18], as described in 
Section 6. The effective conductivity was then 
determined as a function of the average tank 
temperature and the radial temperature difference 
between the tank inner and outer surfaces.  The 
material properties were updated between each 
time step during the transient solution using 
APDL. They were computed for 56% ethylene 
glycol solution up to the point where the average 
temperature reached its boiling point of 350°F 
(177°C).  

When the average temperature in the tank 
exceeded the boiling point, it was assumed that 
rupture occurred and the liquid was immediately 
vaporized.  Subsequently, the effective 
conductivity was computed using dry air as the 
medium. This calculation was continued during 
the cool down period also. This formulation 
conservatively neglects energy absorbed by the 
phase change (i.e., the heat of vaporization for the 
liquid), although this is mainly as a matter of 
convenience, since this would constitute a very 
small deduction from the total energy imparted to 
the package.   
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The general solution procedure for this model was 
similar to that for the HI-STAR 100 described 
previously. The steady-state temperature solution 
for normal hot conditions was computed using 
solar insolation and 100°F (38°C) ambient 
temperature per 10CFR71.71 [1], and used as the 
initial temperature state. The insolation was 
removed and the tunnel was introduced for the 

transient fire analysis. The transient solution was 
then obtained for the 30 hours of the NIST 
simulation, representing the 7-hour fire and 23-
hour cool down. The solution was also extended 
for a total simulation time of 300 hours, in the 
same fashion as described in Sections 5.1 and 5.2 
for the other two package models. 
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6 ANALYSIS METHOD 

The National Institute of Standards and 
Technology (NIST) performed analyses using the 
FDS code, based on the type of fire that could 
have been sustained during the accident in the 
Howard Street tunnel and the time required to 
consume the available fuel.  The results were used 
to define boundary conditions for COBRA-SFS 
and ANSYS evaluations of the thermal response 
of the selected spent fuel transportation packages. 
Section 6.1 lists the conservative assumptions 
underlying the analytical approach used and 
describes the boundary conditions in detail.  This 
includes temperature boundary conditions and the 
approach used to define convection and radiation 
heat transfer rates.  Section 6.2 describes the initial 
steady-state conditions for each cask package.  
Section 6.3 describes the procedure used for the 
transient calculations.  

6.1 Fire Transient Assumptions 
and Boundary Conditions 

 
A number of conservative assumptions were made 
in developing models and performing evaluations 
of the thermal response of the three spent fuel 
transport packages (TN-68, HI-STAR 100, and 
NAC LWT) to the Baltimore tunnel fire transient.  
The assumptions of greatest impact are listed 
below. 

 

1) Boundary conditions were taken from 
predictions of peak gas temperatures in the 
lower, middle, and upper zones of the tunnel 
and peak surface temperatures on the tunnel 
floor, walls, and ceiling.  The peak values in 
each region were used to define boundary 
temperatures over the entire region, rather than 
using the local temperature distributions 
predicted in the FDS calculation.  This 
approach ensures a conservative estimate of the 

boundary temperatures, since the package does 
not see the peak  temperatures on all surfaces, 
and in some cases may not see the peak 
temperature on any surface.  (For example, the 
top of the package is not high enough to be 
directly exposed to the peak gas temperature at 
the top of the tunnel, but this value was used as 
the ambient temperature for convective heat 
transfer to the upper surface of the package.) 

 
2) The package cradle and the rail car section 

beneath the cradle were included in the ANSYS 
model of the HI-STAR 100, but the rail car 
ends and honeycomb end blocks adjacent to the 
impact limiters were omitted.  These structures 
were neglected because they would partially 
shield the package from thermal radiation from 
the hot tunnel surfaces and block convection 
heat transfer to the package due to the flow of 
hot gas generated by the fire.  The rail car was 
omitted from the COBRA-SFS model of the 
TN-68 cask and the ANSYS model of the NAC 
LWT cask within the ISO container.  This 
approach eliminated any potential shielding of 
these packages from thermal radiation and 
convective heat transfer from the tunnel 
environment. 

 
3) During the fire and the short-term post-fire cool 

down period (7 hr < t < 30 hr), it was assumed 
that convection heat transfer at the package 
surface was due to forced convection only (due 
to air flow induced in the tunnel by the 
temperature gradients of the fire), using the gas 
velocities predicted in the NIST analysis.  This 
approach neglects the possible contribution of 
free convection around the package (due to 
non-uniform circumferential temperatures 
around the package outer shell), which would 
tend to remove heat from the package.   The 
boundary condition was switched to solely free 
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convection after 30 hours, in the extrapolated 
portion of the transient.  This conservatively 
neglects any forced convection cooling of the 
package during the extended cool down period, 
when the gas velocities in the tunnel are 
predicted to have dropped to negligible values. 

 
4) The effects of optical densification due to 

combustion products and material degradation, 
which would tend to attenuate the radiation 
influence between the tunnel and package 
surfaces, were not taken into account in the 
boundary conditions defining the fire.  
Radiation views were treated as clear and 
unobscured at all times.  Radiation attenuation 
was also neglected between the ISO container 
inner surfaces and the NAC LWT package. 

 
5) Materials that could be expected to burn, boil 

off or melt during the transient were assumed to 
remain intact during the fire, to maximize the 
heat input into the package.  At the end of the 
fire, the thermal conductivity values for these 
materials were reduced to that of air.  As a 
result, the affected components then present an 
added thermal barrier to heat removal from the 
package following the fire.  In addition, the 
energy absorbed by these materials, due to 
latent heat of diffusion or vaporization, was not 
subtracted from the energy input to the package 
from the fire.  

 
6) The cask package was assumed to be the 

shortest possible distance away from the center 
of the fire, in order to obtain the highest 
possible boundary temperatures due to the fire.  
Based on Department of Transportation 
regulations [12] that require railcars carrying 
radioactive materials to be separated by at least 
one railcar (a buffer car) from other cars 
carrying hazardous materials or flammable 
liquids, this distance must be at least 66 ft 
(20 m). 

 

Given these assumptions, the ANSYS and 
COBRA-SFS analyses constitute conservative 
evaluations of the response of the spent fuel 
transportation packages.  The FDS simulations for 
the NIST model of the Howard Street tunnel fire 
produced detailed predictions of gas flow rates, 
gas temperatures, and tunnel wall, ceiling, and 
floor temperatures during the 7-hour fire and 23-
hour post-fire cool down.   

6.1.1 Boundary Temperatures from FDS  

The FDS simulations included a significant 
portion of the tunnel length, from the fire location 
to the tunnel entrance.  The results obtained for the 
radial plane of the model at the location 66 ft 
(20 m) from the center of the fire were used to 
determine the boundary conditions for the analyses 
with COBRA-SFS and ANSYS.  As a 
conservative simplification of the finely detailed 
noding in the FDS simulation, the tunnel radial 
geometry was divided into three regions; top, side, 
and bottom (refer to the diagram in Figure 5.10.)  
Within each of these regions, the predicted peak 
wall temperatures and peak gas temperatures as a 
function of time (with the associated gas 
velocities) were taken as representative of the 
transient behavior of the entire region, rather than 
following the local gradients obtained in the 
detailed NIST simulation with FDS.   

These temperature-vs.-time and velocity-vs.-time 
values were smoothed to conservatively remove 
the rapid stochastic variations typical of dynamic 
fire behavior, preserving only the major peaks and 
troughs related to the general physical behavior of 
the simulated fire.  Figure 6.1 shows these 
smoothed peak air temperatures for the top, sides 
and bottom regions in the tunnel at 66 ft (20 m) 
from the fire center.  The smoothed peak surface 
temperatures for the walls, floor and ceiling of the 
tunnel at this location for the same fire scenario 
are shown in Figure 6.2.  Figure 6.3 shows the 
smoothed velocities predicted in the NIST 
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analyses at the locations of the peak gas 
temperatures in Figure 6.1. 
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Figure 6.1. BTF Peak Transient Ambient Air 
Temperatures (smoothed values, 
NIST 20-m data) 
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Figure 6.2. BTF Peak Transient Tunnel 
Surface Temperatures for Floor, 
Walls, and Ceiling (smoothed 
values, NIST 20-m data)  

The NIST fire simulation results shown in Figures 
6.1 through 6.3 were used to develop the boundary 
conditions applied to the TN-68, HI-STAR 100, 
and LWT models.  The peak surface temperatures 
in Figure 6.2 were applied to all corresponding 
tunnel surfaces in the top, side, and bottom regions 
of the ANSYS models for the HI-STAR 100 and 
LWT packages.  These temperature values defined 

the boundary conditions for radiation heat transfer 
between the tunnel walls and the exposed surfaces 
of the cask package.   

The COBRA-SFS model for the TN-68 package 
incorporated the effect of the tunnel walls, ceiling 
and floor by calculating a radiation heat flux at the 
package surface using the local package surface 
temperature and the regional tunnel surface 
temperatures defined in Figure 6.2.  Blackbody 
view factors between the package surface and the 
tunnel ceiling, walls and floor were determined 
using a conventional ray-tracing scheme.  (The 
radiation exchange values for this geometry are 
listed in Appendix D.) 
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Figure 6.3. BTF Peak Transient Horizontal 
Velocities near Package Surface 
(smoothed values, NIST 20-m data) 

6.1.2 Convection and Radiative Heat 
Transfer Boundary Conditions  

The NIST analyses showed that the thermal 
gradients created in the tunnel due to the fire 
would result in significant air flow past a body 
located near the fire. This fire-forced convection 
would significantly affect heat transfer around the 
package and could have a strong influence on the 
package outer shell surface temperatures.  The 
smoothed air temperatures in Figure 6.1 and 
velocities in Figure 6.3 were used to define local 
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time-dependent Nusselt number values at the top, 
sides and bottom of the package.  These values 
were used to define the local surface heat transfer 
coefficient for the three computational models. 

To maintain consistency between the three 
models, the same Nusselt number correlation was 
used to define convection heat transfer at the 
package surface.  The selected correlation gives 
the Nusselt number for gas flow over a flat or 
slightly curved surface at zero angle of attack [19], 
and has the form 

for laminar flow (ReL < 500,000) 

3/12/1
LL PrRe665.0Nu =  

for turbulent flow (ReL > 500,000) 

3/18.0
LL PrRe032.0Nu =  

The characteristic length, L, used to define the 
Nusselt number and Reynolds number for this 
application is the package body horizontal length.  
In the COBRA-SFS modeling of the TN-68, the 
characteristic length was specified as 160 inches, 
based on the length of exposed package body.  In 
the ANSYS model of the HI-STAR 100, the 
characteristic length of 173 inches was used, based 
on the length of exposed package body.  For the 
NAC LWT, a value of 240 inches was used, based 
on the ISO container wetted surface length.  

The peak air temperatures (see Figure 6.2) from 
the NIST analysis define the ambient sink 
temperature around the package during the fire 
and post-fire intervals.  The Nusselt number 
defines the rate of heat transfer from the package 
surface, which allows both codes (COBRA-SFS 
and ANSYS) to calculate the convection heat flux 
at the package surface.  Using the above 
relationship, local surface temperatures, Ts, are 
calculated, and the convection component of the 

heat flux at the surface is solved for using the 
formula 

( )airsLconv TT
L
kNu"q −=  

where k = thermal conductivity of ambient air 
 L = characteristic length 
 Ts = package surface temperature 
 Tair = ambient external air temperature. 

Separate boundary types were defined for the top, 
sides, and bottom surfaces of the package using 
the external air temperatures shown in Figure 6.1.  
The velocities in Figure 6.3 were used to define 
the Reynolds number so the boundary conditions 
on the package could change with time as the 
transient proceeded.  Figure 6.4 shows the result-
ing local heat transfer coefficients calculated for 
the COBRA-SFS evaluation during the 30 hours 
of the NIST transient calculation, at the top, sides 
and bottom of the TN-68 package. 
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Figure 6.4. Heat Transfer Coefficients at 
Package Surface from NIST 20 m 
Air Temperature and Velocity 
Predictions 

In addition to convection heat transfer between the 
transport package and the surrounding air during 
the transient, radiation heat transfer between the 
package surface and the tunnel ceiling, walls, and 
floor was also captured.  Boundary conditions to 
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define radiation heat transfer between the package 
surface and the tunnel ceiling, walls, and floor 
were included in the COBRA-SFS model in the 
following fashion.  The total heat flux at the 
surface of the package is the sum of the two 
components: 

radconv "q"q"q +=  

The tunnel surface temperature profiles shown in 
Figure 6.2 were used to define the radiation heat 
flux as an additional boundary condition at the 
package surface using the relationship 

( )4
surf

4
packageSBijirad TTσBεq" −=  

where εi = emissivity of surface i 
 Bij  = blackbody viewfactor from surface 

i to j 
 σSB = Stefan-Boltzmann constant 
 Tsurf = tunnel ceiling, wall or floor 

surface temperature 
 Tpackage = package surface temperature. 

The blackbody view factors between the package 
surface and the tunnel ceiling, walls, and floor 
were determined using a Monte Carlo ray tracing 
scheme based on the package diameter and a 
uniform axial node length along the length of the 
package.  These are presented in Appendix D.   

Radiation interaction between the tunnel surfaces 
and the package surfaces in the HI-STAR 100 
model (and the ISO container surfaces in the NAC 
LWT system) was established through the use of 
ANSYS superelement definitions, as described in 
Section 5 above.  The NIST tunnel surface 
temperature predictions (see Figure 6.2) were then 
used to establish the tunnel surface boundary 
condition temperatures.  The emissivity of all 
tunnel surfaces and the package surface was 
assumed to be 0.9 for all evaluations during the 
fire and post-fire transient.  

6.1.3 Extrapolated Boundary Conditions 
for Long-Term Cool Down  

NIST’s FDS analysis was carried out for a 7-hour 
fire and 23-hour post-fire cool-down.  To 
determine the long-term temperature responses 
and explore the effects of prolonged exposure to 
post-fire conditions in the tunnel, the post-fire 
duration was extended to 300 hours (273 hours 
after fire cessation).  Temperatures predicted in the 
NIST analysis for 30 hours were extrapolated from 
30 hours to 300 hours using a power function to 
realistically model cool-down of the tunnel envi-
ronment.  The extrapolated predictions are 
presented in Figures 6.5 and 6.6 for the air 
temperatures and wall temperatures, respectively. 
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Figure 6.5. BTF Peak Transient Air 
Temperatures for Top, Side, and 
Bottom Regions (NIST and 
Extrapolated Data Sets) 

About 20 hours into the transient, the velocities 
predicted in the NIST calculations have dropped to 
values of 1 to 2 ft/s (0.3 to 0.6 m/s) or less (refer to 
Figure 6.3).  Heat transfer at the package surface 
for these flow conditions is a complex mixture of 
forced convection (due to air flow induced in the 
tunnel by the wall temperature gradients of the 
fire) and free convection (driven by the non-
uniform circumferential temperatures of the 
package outer shell).  At velocities below about 3 
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to 5 ft/s (1 to 1.5 m/s), heat transfer rates predicted 
assuming forced convection are generally lower 
than the heat transfer rates due to natural 
convection around the package body for these 
temperature conditions.   
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Figure 6.6. BTF Peak Transient Surface 
Temperatures for Floor, Walls, 
and Ceiling (NIST and 
Extrapolated Data Sets) 

To avoid the modeling uncertainties associated 
with mixed-mode heat transfer, forced convection 
only was assumed until the end of the NIST 
simulation, at 30 hours into the transient.  From 30 
hours to 300 hours, the heat transfer was assumed 
to be natural convection only.  This ensured a 
conservative treatment of convection heat transfer 
from the package surface during the entire 
calculation, since free convection to surface heat 
transfer from the package is ignored in the cool 
down from 7 to 30 hours, and forced convection is 
neglected in the period from 30 to 300 hours. 
 
For consistency, the natural or buoyant convection 
coefficients were those utilized for determining the 
pre-fire component temperature distributions (i.e., 
Hot-normal Conditions of Transport, as defined in 
10 CFR 71.71(c)(1)([1].)  The heat transfer 
coefficients were defined for the appropriate 
surface geometries using the following 
relationships [20]:  

 
--for flow along a vertical plane or cylinder :  

 --laminar flow (104 < Grf··Prf  < 109) 

4/1

L
T42.1h ⎟
⎠
⎞

⎜
⎝
⎛ Δ=  

 --turbulent flow (Grf··Prf  > 109) 

( ) 3/1T31.1h Δ=  
where 

h = heat transfer coefficient, )/( CmW °−  
∆T = Tw - T∞, °C 
Tw = surface or wall temperature, °C 
T∞ = ambient temperature, °C 
L   = vertical or horizontal dimension, m 
Grf  = Grashoff number of the gas at film 

temperature, Tf = (Tw + T∞)/2 
Prf  = Prandtl number of the gas at film 

temperature, Tf = (Tw + T∞)/2 
 
--for flow over a horizontal cylinder:  

 --laminar flow (104 < Grf··Prf  < 109), 

4/1

d
T32.1h ⎟
⎠
⎞

⎜
⎝
⎛ Δ=  

where  
d = diameter, m 

 

 --turbulent flow (Grf··Prf  > 109), 

( ) 3/1T24.1h Δ=  

 
--for flow over a horizontal heated plate facing 
upward (cool side facing downward):  

 -- laminar flow (104 < Grf··Prf  < 109), 
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4/1

L
T32.1h ⎟
⎠
⎞

⎜
⎝
⎛ Δ=  

 -- turbulent flow (Grf··Prf  > 109), 

( ) 3/1T52.1h Δ=  

--for laminar flow (104 < Grf··Prf  < 109) over a 
heated plate facing downward (cool side facing 
upward): 

4/1

L
T59.0h ⎟
⎠
⎞

⎜
⎝
⎛ Δ=  

Definitions of material properties for use with 
these correlations were taken from Table A-3 of 
Kreith [21].  

6.1.4 Heat Transfer through Liquid 
Neutron Shield  

An empirical relationship for effective 
conductivity incorporating the effects of  both 
conduction and convection was used to determine 
heat exchange through the liquid neutron shield.  
In the SAR analysis for the LWT package [11], the 
effective conductivity of the ethylene glycol 
mixture for conditions below 350°F was 
determined using the correlation of Bucholz [22], 
which defines the ratio of the effective 
conductivity to the actual thermal conductivity as 
equal to the Nusselt number, such that  

278.02

c

eff Pr))36.1/(Gr(Pr135.0Nu
k

k
+==  

where keff = effective thermal conductivity of 
material in node 

 kc = thermal conductivity of motionless 
fluid in node 

 Nu = Nusselt number 
 Pr = Prandtl number 
 Gr = Grashoff number 

The BTF transient is outside the range of the 
Bucholz correlation, and it yields unrealistically 
large values for keff for these conditions. An 
alternative correlation from Raithby and Hollands 
[18], based on heat transfer between two 
concentric cylinders, was used in this analysis 
instead.  This correlation produces reasonable 
values of keff, and the transient conditions are 
generally within its applicable range.   

The form of this correlation is similar to the 
Bucholz correlation in that it equates the Nusselt 
number to the ratio of the effective conductivity 
over the actual conductivity, but in the Raithby 
and Hollands formulation, the Nusselt number is 
expressed as 

25.025.0
r

c

eff RaPr))861.0(Pr/(D386.0Nu
k

k
+==  

 
where Ra = Rayleigh number (Ra = Pr*Gr) 
 Pr = Prandtl number  
 Gr = Grashoff number (based on the 

temperature difference across the 
annular gap)  

The variable Dr is a dimensionless parameter 
based on the geometry of the annulus, and is 
defined: 

⎥
⎦

⎤
⎢
⎣

⎡

+
= 4/55/3

o
5/3

i
4/3

io
r )D/1D/1(d

)D/Dln(
D  

where Do = annulus outer diameter 
 Di = annulus inner diameter 
 d = width of annulus. 

Figure 6.7 shows a plot of the Nusselt number 
predicted with these two correlations for the liquid 
(56% ethylene glycol and water mixture) in the 
neutron shield annulus.   
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Figure 6.7. Nusselt Number for Heat Transfer 
in Liquid Neutron Shield 

Figures 6.8 and 6.9 show the effective 
conductivity for the annulus as a function of the 
average temperature and temperature difference 
for the liquid neutron shield tank and expansion 
tank, respectively.  (The sharp discontinuity in the  
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Figure 6.8. Effective Conductivity of Neutron 
Shield Tank Contents 

curves on both plots represents the abrupt phase 
change assumed when the average temperature of 
the liquid reaches the boiling point of the ethylene 
glycol and water mixture.)  For low values of the 
temperature difference, the results approach those 
for the conduction-only case. 
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Figure 6.9. Effective Conductivity of 
Expansion Tank Contents 

6.2 Initial System Component 
Temperatures 

The normal conditions of transport described in 
10 CFR 71.71 [1] were used as initial conditions 
for each analysis.  All three packages were 
subjected to an ambient temperature of 100°F 
(38°C), with solar insolation.  For pre-fire 
conditions, the package surface was given an 
emissivity value representative of its surface finish 
(e.g., 0.3 for bare stainless steel, 0.85 for painted 
surfaces.)  In the ANSYS models for the HI-STAR 
100 and NAC LWT systems, thermal radiation 
heat transfer to ambient was modeled using 
surface effect elements (SURF152).   

Convection from the surface of each package was 
modeled with a similar set of surface effect 
elements. The natural convection correlations for 
buoyancy driven flow discussed above were used 
to simulate convection heat transfer at the package 
surface.  For the COBRA-SFS model of the TN-68 
package, the surface boundary conditions also 
included natural convection and thermal radiation.   

Heat generation rates for decay heat loads of 
68,240 Btu/hr (20kW) for the HOLTEC HI-STAR 
100, 8,530 Btu/hr (2.5kW) for the NAC LWT, and 
72,334 Btu/hr (21.2kW) for the TN-68, were 
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applied, with appropriate peaking factors, over the 
active fuel region. 

A steady state normal condition temperature 
distribution for each package was obtained to 
establish pre-fire conditions.  The hot-normal 
condition temperatures for each package were 
verified against the results reported in the relevant 
SAR.  Normal condition temperatures from the 
ANSYS solution for the HI-STAR 100 are 
provided in Figure 6.10.  (Appendix E contains 
additional plots showing the detailed temperature 
distributions for these conditions predicted for the 
HI-STAR 100.)  The peak clad temperature 
predicted with ANSYS for the HI-STAR 100 is  
673°F (356°C), compared to 701°F (372°C) 
reported in the SAR[10]. 

Since COBRA-SFS does not have a graphical 
post-processing module, it is not possible to 
produce similar color-flooded thermographs for 
the TN-68 evaluation.  However, the analysis 
results are similarly in very good agreement with 
the corresponding SAR values.  The COBRA-SFS 
calculations predicted a peak clad temperature of 
485°F (252°C) in the TN-68 package, compared to 
490°F (254°C) reported in the TN-68 SAR [9]. 

Component temperature comparisons of results 
determined in this study and those published in the 
applicant’s SAR documentation are presented in 
Table 6.1 for the TN-68 analysis with COBRA-
SFS and Table 6.2 for the HI-STAR 100 analysis 
with ANSYS.  These tables show that the 
analytical results obtained for the TN-68 and HI-
STAR 100 are in very good agreement with the 
results presented for the corresponding cases in the 
respective SARs.  Minor differences between the 
SAR results and those obtained in the current 
study are due to differences in modeling detail and 
simplifying assumptions employed in the SAR 
models.  For example, the SAR analysis of the HI-
STAR 100 neglects the effect of the support cradle 

on component temperatures in the evaluation for 
the hot-normal conditions of transport. 

 

Figure 6.10. HI-STAR 100 Package Hot-Normal 
Condition Temperature 
Distribution 

For the TN-68 model and the HI-STAR 100 
model, the results presented in Tables 6.1 and 6.2 
are representative of the initial conditions for the 
fire transient analysis. For the NAC LWT, 
convection from the surface of the ISO container 
was modeled with a similar set of surface effect 
elements.  The natural convection correlations for 
buoyancy-driven flow discussed above were used 
to simulate the convective heat transfer within and 
at the ISO container surface. 

Table 6.1. TN-68 Hot-Normal Component 
Temperatures 

Component 

Current Study 
(COBRA-SFS) 

°F (°C) 

SAR Values  
°F (°C) 

(Table 3-1 [9]) 
Fuel Cladding 485 (252) 490 (254) 
Basket plate 467 (242) 469 (243) 
Basket Rail 332 (167) 319 (159) 
Inner Shell 292 (144) 262 (128) 
Gamma Shell 285 (141) 260 (127) 
Package Bottom 261 (127) 254 (123) 
Seals 260 (127) 234 (112) 
Radial Neutron 256 (124) 244 (118) 
Outer Shell 243 (117) 204 (96) 



 

 6.10 

Table 6.2. HOLTEC HI-STAR 100 Hot-
Normal Component 
Temperatures 

Component 

Current 
Study 

(ANSYS) 
°F (°C) 

SAR Values  
°F (°C) 

(Table 3.4.10 
[10]) 

Fuel Cladding 673 (356) 701 (372) 
MPC Basket Centerline 667 (353) 667 (353) 
MPC Basket Periphery 432 (222) 430 (221) 
MPC Outer Shell 345 (174) 315 (157) 
MPC/Overpack Helium 
Gap Outer Surface 305 (152) 291 (144) 
Radial Neutron Shield 
Inner Surface 270 (132) 271 (133) 
Overpack Enclosure 
Shell Surface 250 (121) 222 (106) 
Axial Neutron Shield 223 (106) 292 (144) 
Impact Limiter 
Exposed Surface 160 (71) 121 (49) 
Overpack Closure Plate 250 (121) 163 (73) 
Overpack Bottom Plate 375 (191) 295 (146) 
 
A heat generation rate equivalent to a decay heat 
load of 8,530 Btu/hr (2.5 kW) was applied, with 
appropriate peaking factor, over the active fuel 
region.  The NAC LWT is currently licensed for a 
maximum decay heat load of only 2.1 kW.  The 
value of 2.5 kW was selected for this analysis 
because an Amendment to the SAR that would 
increase the decay heat load limit to 2.5 kW is 
currently under review [11].  This approach 
ensures a conservative decay heat load for the 
package in the fire transient analysis. 
 
The steady-state initial condition temperature 
distribution predicted for the NAC LWT package 
was verified against the results reported in the 
SAR [11].  Direct comparison is not possible, 
because the SAR [11] does not include any 
analytical cases similar to the detailed 3-D model 
used in this study.  Due to the relatively low 
associated decay heat load capacity, the applicant 
chose to perform a series of highly conservative 
evaluations to qualify the system for its Certificate 
of Compliance (CoC).   

The most complex models presented in the SAR 
[11] involve simple 2-D ANSYS  cross-sections in 
which the cutting plane includes the expansion 
tank as well as the neutron shield tank.  This 
approach does not allow axial heat flow out of the 
plane of the 2-D cross-section, and also assumes 
that the decay heat load axial peak occurs on that 
plan, placing the spent nuclear fuel peak decay 
heat location under two concentric neutron shields.  
This provides conservatism for a steady-state 
analysis, since the expansion tank makes a longer 
conduction path over which to dissipate the decay 
heat.  For the fire transient, however, the 
assumptions in this 2-D model would have the 
effect of limiting the heat input to the cask from 
the fire, and would not constitute a conservative 
approach. 

ANSYS cross-sectional models were also used to 
represent a 1.41 kW 25-rod BWR basket assembly 
and a 2.1 kW high burn-up PWR assembly, with 
detailed representation of the fuel pins, pin tubes, 
and can weldments with the pins resting on the pin 
tubes via point contact.  These models included 
the ISO container, with boundary conditions that 
included solar insolation and 100°F (38°C) 
ambient temperature. 

The design basis model presented in Amendment 
34 of the SAR [11] for a 2.5 kW PWR assembly 
also used a 2D representation of the cask.  This is 
a HEATING5 model, and consists of a 2-D 
axisymmetric representation using effective 
diameters for the basket and fuel assembly.  This 
model does not include an ISO container or impact 
limiters, convection at the assembly end cavities is 
neglected, and the ambient temperature boundary 
is specified as 130°F (54°C).   
None of these cases from the SAR [11] use 
assumptions or boundary conditions identical to 
the initial conditions assumed for the fire transient 
in this analysis, but there are sufficient similarities 
to allow reasonable comparisons to be made for 
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verification of the 3-D ANSYS model predictions.  
The results for these three cases are reported in  
Table 6.3. 
 
Table 6.3. NAC LWT Component 

Temperatures at Various Decay 
Heat Loads 

Component 

2.5 kW 
°F (°C) 
(Table 

 3.4-2 [11]) 

1.41 kW 
°F (°C) 
(Table 

 3.4-7 [11]) 

2.1 kW 
°F (°C) 
(Table 

 3.4-10 [11])
Fuel Cladding 472 (244) 358 (181) 671 (355)
Aluminum PWR 
Insert 276 (136) * 394 (201)
Inner Shell 274 (134) 249 (121) 385 (196)
Gamma Shield  273 (134) 248 (120) 375 (191)
Outer Package 
Surface 229 (109) 185 (85) 308 (153)
Neutron Shield  238 (114) 235 (113) 306 (152)
Lid Seal  227 (108) * * 
Drain/Vent Ports 231 (111) * * 
Impact Limiters * * * 
ISO Container * * * 
* value not reported by applicant 

Figure 6.11 shows the predicted temperature 
distribution from the ANSYS solution for the 3-D 
model developed for the current study, obtained 
using 130°F (54°C) ambient temperature with a 
2.5 kW decay heat load.  This calculation was 
performed in addition to the initial conditions case 
at 100°F (38°C) ambient temperature, as a 
verification case for comparison to the results 
obtained for the 2.5 kW case reported in the SAR 
[11].  The 2-D axisymmetric model in the SAR 
[11], which used an ambient temperature of 130°F 
(54°C), is the most similar to the initial conditions 
in the fire transient for the purposes of this 
comparison, despite the exclusion of the ISO 
container.   

Table 6.4 presents detailed component temperature 
results obtained with the 3-D ANSYS model, 
compared to the values published in the SAR [11] 
for this decay heat load. 

At first glance, the differences between the results 
obtained with the two models appear to be rather 
sizable.  The peak clad temperature predicted with 
the ANSYS 3-D model is 434°F (223°C), 
compared to 472°F (244°C) reported in the SAR 
[11].  The other temperatures shown in the table 
are also considerably lower for the ANSYS model, 
compared to the corresponding SAR values.  
However, this is an expected result, given the 
modeling differences between the two cases.  A 
more significant observation for the purposes of 
this comparison is to note that the differences in 
peak component temperatures between the two 
models are consistent.   

 

Figure 6.11.  LWT Package Hot-Normal 
Condition Temperature 
Distribution (2.5 kW Decay Heat) 

The  radial temperature drop from the peak fuel 
cladding temperature to the outer cask surface 
temperature is 234°F (130°C) for the 3-D ANSYS 
model, compared to 243°F (135°C) for the 
HEATING5 axisymmetric model.  This close 
agreement strongly suggests that the axisymmetric 
model featured in the SAR predicts essentially the 
components temperature distribution as the more 
detailed ANSYS model, and that most of the 
differences in the point-to-point temperatures 
predicted with each model are due to the 
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differences in assumed external boundary 
conditions (100°F vs. 130°F (38°C vs. 54°C)) and 
differences in modeling details.   
 
Table 6.4. NAC LWT Component 

Temperatures at 2.5 kW Decay 
Heat Load and 130°F Ambient 

Component 

Current Study 
(ANSYS) 
°F (°C) 

SAR 
Values  
 (Table 

3.4-2 [11]) 
°F (°C) 

∆T 
°F (°C)

Fuel Cladding 434 (223) 472 (244) 38 (21) 
Aluminum PWR 
Insert 265 (129) 276 (136) 11 (6) 

Inner Shell 228 (109) 274 (134) 46 (26) 

Gamma Shield  227 (108) 273 (134) 46 (26) 
Outer Package 
Surface 200 (93) 229 (109) 29 (16) 

Neutron Shield  204 (96) 238 (114) 34 (19) 

Lid Seal  164 (73) 227 (108) 63 (35) 

Drain/Vent Ports 164 (73) 231 (111) 67 (37) 

Impact Limiters 167 (75) 
Not 

Modeled -- 

ISO Container 167 (75) 
Not 

Modeled -- 

Figure 6.12 shows the temperature distribution 
predicted with the ANSYS 3-D model for the 
initial steady-state conditions before the fire 
transient.  The boundary conditions for this 
calculation are from the Normal Transport 
Condition case, as described in 10 CFT 71.21 [1].  
The hottest fuel temperature is predicted to occur 
near the center of the assembly, at a location that 
corresponds closely to the cross-section with the 
highest decay heat (i.e., the location of the 
maximum axial peaking factor.) This location is 
some distance away from the part of the cask 
covered by the expansion tank.  This shows that 
the assumption placing the peak location under the 
expansion tank, which was used in the 2-D cross-
section model in the SAR [11], is markedly 

conservative, and therefore can be expected to 
yield a higher estimate of the peak temperature. 

As shown in Figure 6.12, the temperature 
gradients in the cask are such that heat spreads and 
dissipates axially as well as radially.  As a result, 
the 3D geometry yields a more realistic 
representation of the heat flow in the cask.  The 
conservative measures used in the simpler 2-D 
ANSYS cross-sectional models and the 
HEATING5 axisymmetric cross-sectional model 
(as reported in the SAR [11]) will tend to result in 
higher predicted temperatures for steady-state 
conditions.  Other associated modeling 
assumptions and simplifications, including 
boundary conditions developed by the applicant, 
also tend to drive up component temperatures, 
compared to what might be obtained with a 
detailed 3-D representation. 

 

Figure 6.12. LWT Package Normal Condition 
Temperature Distribution 
(2.5 kW Decay Heat) 

The main concern in analyses for normal transport 
conditions is to determine a conservative rate of 
heat removal from the package.  The approach 
employed in the SAR should yield conservative 
estimates of peak internal temperatures for the 
analysis.  However, for the fire transient, the main 
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concern is the amount of heat that the external fire 
can put into the package.  In the fire transient 
calculations, a best estimate of component 
temperature distributions and heat transfer paths is 
more appropriate.   

The conservative approach is to choose 
assumptions that tend to enhance the heat transfer 
paths, making it easier for heat to move into the 
package from outside. For example, the treatment 
of internal gaps between components is 
conservative in the SAR, in that gaps are assumed 
to be as large as possible.  In the ANSYS model 
for the fire analysis, the shrinkage gap between the 
lead shielding and cask shell is included during the 
initial steady-state calculation, but is ignored 
during the fire transient.  This approach tends to 
minimize heat loss from the package at the initial 
conditions, but then maximizes the heat input into 
the package internal components during the fire. 
 
The pre-fire peak component temperature results 
determined in this study for the Normal Transport 
Condition case at 100°F (38°C), as described in 
10 CFR 71.71 [1] are shown in Table 6.5. 
 
Table 6.5. NAC LWT Pre-Fire Component 

Temperatures at 2.5 kW Decay 
Heat Load and 100°F Ambient 

Component 
Component Temperature

°F (°C) 
Fuel Cladding 418 (214) 

Aluminum PWR Insert 242 (117) 

Inner Shell 205 (96) 

Gamma Shield  204 (96) 

Outer Package Surface 176 (80) 

Neutron Shield  180 (82) 

Lid Seal  138 (59) 

Drain/Vent Ports 138 (59) 

Impact Limiters 141 (61) 

ISO Container 140 (60) 
 

6.3 Tunnel Fire Evaluations of Rail 
Packages 

The Baltimore tunnel fire simulations for the three 
transport packages were conducted in three 
phases.  These were the pre-fire steady-state (hot-
normal) conditions of transport, the fire 
(consisting of the first 7 hours of the transient), 
and the post-fire phase.  For the pre-fire steady 
state, the hot-normal conditions of transport were 
evaluated with solar insolation and a 100°F (38°C) 
ambient temperature, according to 10 CFR 
71.71(c)(1) [1].  External heat transfer was 
assumed to be free convection in still air with 
radiation to the environment.  This conservatively 
established component temperatures to serve as 
initial conditions for the transient. 

For the fire phase of the evaluation (0 ≤ t ≤ 7 
hours), the energy input due to solar insolation 
was set to zero, the tunnel surfaces were 
introduced, and the transport package and tunnel 
surfaces were assign an emissivity of 0.9 to 
represent surfaces affected by sooting.  A forced 
convection regime was assumed to exist on the 
exterior of the package, based on the gas velocity 
results from the analysis performed by NIST.  
These results were used to determine the surface 
heat transfer coefficient, and with the gas 
temperatures from the NIST analysis defining the 
ambient boundary temperature, the convective 
heat flux at the package surface could be 
determined in the solution for the local surface 
temperature. Tunnel wall temperatures were also 
taken as boundary conditions from the NIST 
calculations, and radiation from the tunnel walls 
was also accounted for in the evaluations.  In 
addition to these measures, all aluminum 
honeycomb, neutron shield resin materials, or 
wood were assumed to remain intact during the 
full duration of the fire to maximize heat input 
during the fire. 
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For the post-fire phase of the evaluation (t > 7 
hours), properties of the neutron shield resin 
materials, wood, and selected portions of 
aluminum honeycomb sections were replaced with 
thermal properties identical to those of air.  This 
change in material properties simulates the 
degradation of the materials due to the fire and has 
the effect of reducing the rate of heat release 
during the post-fire phase.  Conservatively, the 
energy absorbed in the degradation of these 
materials was not subtracted from the heat input of 
the fire to the package.  Other model-specific 
conservatisms were also incorporated, as described 
above in Section 5.   

Analysis of the post-fire phase was carried out for 
a duration of 293 hours.  This included the 23 

hours of the post-fire portion of the transient 
predicted by the FDS analysis, plus an additional 
270 hours in which boundary conditions at 30 
hours were extrapolated to 300 hours, using a 
power function (as discussed in Section 5 above.)  
Purely forced convection heat transfer correlations 
(based on the NIST gas velocities and 
temperatures) were imposed for the post-fire phase 
of the simulation from 7 hours to 30 hours.  The 
forced convection boundary condition at the 
package surface was then transitioned to free 
convection correlations, to establish the buoyant 
convective coefficients of heat conductance for the 
remainder of the evaluation period. 

Results obtained in the evaluations of the three 
packages are discussed in Section 7. 
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7 ANALYSIS RESULTS 

Due to the temperature limits on the spent fuel 
cladding, closure seals, impact limiter core 
materials, and neutron shield core materials, these 
components are the most important elements to 
consider in evaluating the response of the transport 
systems to the fire scenario.  The peak cladding 
temperature limit is important because the 
cladding is the primary fission product 
containment boundary for the spent fuel.  The 
temperature limit for the closure seals is important 
because these seals constitute the outer-most 
containment boundary for the package.  The 
temperature limits for the neutron shield material 
and impact limiters are important because these 
materials are the most vulnerable to damage or 
destruction during the fire.  The results of the 
analyses for the three rail packages were evaluated 
primarily in relation to the peak predicted 
temperatures for these components in the fire 
transient. 

These analyses indicate that the spent fuel 
cladding reaches a peak temperature of 887°F 
(475°C) in the HI-STAR 100 package, 845°F 
(452°C) in the TN-68 package, and 1099°F 
(593°C) in the NAC LWT system.  Peak cladding 
temperatures for the TN-68 and HI-STAR 100 
packages are below the currently accepted short 
term temperature limit5 of 1058°F (570°C) for 
Zircaloy clad spent nuclear fuel under accident 
conditions [23].  The peak cladding temperature 
determined for the LWT exposed to this 
hypothetical accident event exceeds the currently 

                                                      
5 The short-term temperature limit of 1058°F (570°C) is 
based on creep experiments performed on two fuel 
cladding test samples which remained undamaged (i.e., 
no significant observable damage) when held at 1058°F 
(570°C) for up to 30 and 71 days [24]. This temperature 
limit is a relatively conservative limit, since the 
temperature at which Zircaloy fuel rods actually fail by 
burst rupture is approximately 1382°F (750°C)[25]. 

accepted short term temperature limit by 
approximately 41°F (23°C).   

The transient results for each of the three systems 
are discussed in detail below.  Section 7.1 
discusses the response of the TN-68 package 
during the fire.  Section 7.2 presents results for the 
HI-STAR 100 package.  Section 7.3 discusses the 
response of the NAC LWT package. 

7.1 TN-68 Fire Transient Results 

The COBRA-SFS model of the TN-68 package 
consists of a total of 530,228 computational nodes 
that are solved for each time step.  This yields an 
overwhelming volume of output that must be 
sorted, sifted, and processed to produce a coherent 
picture of the response of the package to this fire 
scenario.  The following three subsections present 
the peak temperatures versus time for selected 
components, as determined with COBRA-SFS for 
the TN-68 package subjected to the fire transient 
conditions described in detail in Section 6.    The 
results are presented separately for the three main 
phases of the transient.  Section 7.1.1 discusses the 
predicted response of the TN-68 package during 
the fire.  Section 7.1.2 presents results for the post-
fire transient over the duration of the NIST 
simulation (to 30 hours.)  Section 7.1.3 discusses 
the response to the postulated long-term post-fire 
conditions, out to 300 hours. 

7.1.1 TN-68 During the Fire 

Figure 7.1 shows the initial temperature response 
of the TN-68 package predicted with COBRA-SFS 
during the fire portion of the transient.  The fire 
burns for the first 6.75 to 7 hours of the transient 
(see Figures 6.1 and 6.2 for boundary temperatures 
representing the fire with the package 66 ft (20 m) 
from the fire center.)  During this time, the outer 
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surface temperature of the package shell increases 
quite rapidly.  The maximum temperature of the 
package surface increases at a rate of up to 
10.5°F/min. (5.8°C/min.), reaching a peak 
temperature of 1789°F (976°C) at about 6.3 hours 
into the fire.  The maximum temperature of the 
neutron shield material also shows a relatively 
rapid increase, reaching a peak of 1355°F (735°C) 
at approximately 6.9 hours into the fire. 
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Figure 7.1. Maximum Temperature Histories 
for TN-68 Package Components 
During Fire Transient 

The internal components of the package show a 
very slow thermal response during the fire.  The 
support rails and gamma shields take more than an 
hour to show any noticeable increase in 
temperature.  Approximately 3.5 hours elapse 
before the peak fuel cladding temperature rises as 
much as 1°F above the initial steady-state peak 
temperature of 486°F (252°C).  The peak 
temperatures of the basket tubes and poison plates 
rise only about 4°F (2.2°C) in the first four hours 
of the fire.  During this time period, the peak 
temperature on the outer shell of the package is 
predicted to go up to 1647°F (897°C), the 
predicted peak temperature of the neutron shield 
rises to 1042°F (561°C), and the peak temperature 
on the gamma shields increases to 549°F (287°C). 

By the end of the fire, marking the point at which 
all volatile flammables are consumed, the peak 

clad temperature has risen to only 673°F (356°C), 
and the peak temperature of the basket tubes and 
poison plates is at about 714°F (379°C).  The outer 
shell of the package is predicted to have a peak 
temperature of 1599°F (871°C) at the end of the 
fire, with the neutron shield at 1347°F (731°C) and 
the outer gamma shield at 886°F (474°C). 

Figure 7.2 shows midline temperature profiles 
from top to bottom vertically through the package 
cross-section, including the package shell, support 
rails, and basket structure during the fire at 
approximately hourly intervals.  The large 
difference in the predicted rate of increase in 
temperature for the internal and external 
components of the package is illustrated by these 
profiles.  The temperatures of the nodes modeling 
the basket tubes and poison plates change very 
little during the fire.  The support rails and gamma 
shield nodes heat up relatively slowly, while the 
outer shell and neutron shield region increase 
rapidly in temperature in response to the fire. 
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Figure 7.2. Temperature Profiles Top-To-
Bottom Through TN-68 Package 
Axis During Fire Transient 

The neutron shield and gamma shields insulate the 
basket and fuel assemblies from the fire, but the 
slow response is also due in large part to the huge 
thermal inertia of the package components.  The 
68 assemblies within the package comprise on the 
order of 20 to 25 metric tons of material (mainly 
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uranium dioxide and Zircaloy), with roughly 
8 metric tons of material in the basket (mainly 
steel and borated aluminum.)  The inner and outer 
gamma shields consist of approximately 40 metric 
tons of carbon steel, while the outer shell of the 
package is approximately 5 metric tons of steel.  
Even under the severe heat load imposed by the 
sustained high temperatures of a fire lasting 7 
hours, it takes time to raise the temperature of such 
a large mass of material, even with its internal heat 
generation due to the spent fuel assemblies. 

A significant detail discovered during the evalua-
tion of the TN-68 is that during the first quarter of 
the fire transient, the total heat flux associated 
with radiation heat transfer from the tunnel to the 
package is nearly an order of magnitude greater 
than the total heat flux associated with convection 
heat transfer from the tunnel environment to the 
package.  As a consequence, the most severe 
conditions for this transient are those that result in 
the package receiving the greatest exposure to 
radiation heat transfer.  This means that a 
horizontal orientation will result in the greatest 
possible heat input for a given fire scenario.  Any 
package orientation other than the horizontal 
orientation during the fire (e.g., the package 
bounced into a vertical orientation as a result of an 
accident) would yield less severe heat input to the 
package. 

7.1.2 TN-68 Short-Term Post-Fire 
Response 

Figure 7.3 shows the temperature response of the 
package during the first 30 hours of the COBRA-
SFS simulation of the transient.  (This time period 
represents the total duration of the NIST analysis 
that is the source of the boundary conditions for 
this calculation, in which the package is positioned 
66 ft (20 m) from the fire center.)  During the fire, 
the material in the neutron shield reaches tempera-
tures that would heavily degrade the borated poly-
ester.  This does not mean, however, that the 

package would fail to meet the requirement of 
maintaining appropriate shielding in this scenario.  
This spent fuel transportation package is expected 
to lose its neutron shield material in the fire 
accident specified in current regulations, and 
therefore the design does not rely on the neutron 
shield material remaining intact in order to 
maintain shielding.  This package is designed to 
attenuate neutron radiation to acceptable levels 
(see 10 CFR 71.51 [1]) following an accident 
without the assistance of the neutron shield 
material.  However, the loss of the shield material 
means that the neutron shield’s heat transfer 
capability would be expected to deteriorate rapidly 
during the fire.   
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Figure 7.3. Maximum Temperature Histories 
for TN-68 Package Components 
During First 30 hr of Transient 

In the COBRA-SFS evaluation, it was assumed 
that the borated polyester remains in place and is 
unaffected during the fire, but instantly degrades at 
the end of the fire and is replaced by hot air.  This 
maximizes the heat input into the package during 
the fire, then imposes an additional barrier to heat 
transfer from the package after the fire.  From the 
standpoint of the thermal response of the system, 
this is a conservative representation of the effect of 
the fire on the neutron shield.  The thermal 
conductivity of the borated polyester is about 140 
times that of air, so extending the residence time 
of the polyester to the end of the fire results in a 
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calculation that overestimates the rate of heat flow 
into the package during the fire.  This will tend to 
result in higher calculated temperatures on the 
package internals than would be obtained if it were 
assumed that the polyester was replaced with air 
earlier in the transient.  In reality, the change 
would be more gradual and would occur earlier in 
the transient as the neutron shield burned away.  
The heat absorbed in the process of melting the 
polyester material is not subtracted from the heat 
of the fire, as an associated conservatism. 

The temperatures in Figure 7.3 show that once the 
fire is over, the peak temperatures on the package 
shell and neutron shield are predicted to begin to 
drop precipitately.  This is primarily a response to 
the rapid decrease of the boundary temperatures, 
as can be seen in Figure 7.4.  This plot shows the 
outer shell surface temperature predicted with 
COBRA-SFS compared to the tunnel ceiling 
temperature and the temperature of the air above 
the package, which are derived from the NIST 
calculations and used as boundary conditions. 
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Figure 7.4. Maximum TN-68 Package Surface 
Temperatures Compared to NIST 
Boundary Condition Temperatures 

Figure 7.3 also shows that the peak temperatures 
on the gamma shields and support rails of the 
package decrease after the fire ends.  However, the 
temperature decrease for these components is 
much slower than for the neutron shield region and 

outer shell because the internal components must 
also absorb the thermal load from the fuel.  For the 
same reason, the peak temperature of the basket 
shows a continuous increase even after the end of 
the fire, as does the peak clad temperature. 

The plot of the predicted peak clad temperature in 
Figure 7.3 shows that the thermal output of the fire 
itself does not have much of an effect on the fuel.  
The observed rise in peak clad temperature is 
mainly a response to the effect of the external 
boundary conditions on the rate of heat transfer 
from the package.  The heat of the fire does not 
result in much of an increase in the package 
internal temperatures, but the increase in the 
external air temperature severely compromises the 
rate of heat rejection from the package and 
continues to do so long after the fire is out.  This is 
illustrated very clearly by the plot of the global 
peak clad temperature alone, shown in Figure 7.5 
for 50 hours of the transient (i.e., the 30 hours of 
the NIST transient, plus an additional 20 hours of 
the extended cool down beyond the NIST 
calculation.)   

As shown by the plot in Figure 7.5, at about 4.5 
hours into the fire the peak clad temperature 
begins an almost adiabatic heat up (approximately 
77°F/hr (43°C/hr)) because the fire is preventing 
normal heat removal from the package (which 
occurs by thermal radiation to the external 
environment and natural convection at the 
surface.)  This adiabatic heat-up continues for 
about an hour after the end of the fire, until the 
package shell temperature drops low enough to 
permit some heat removal from the package by 
radiation to the tunnel surfaces.   

The fuel cladding temperature increase observed 
shortly before the end of the fire (at ~4.5 hours) 
occurs in fuel in the outer periphery of the basket, 
because the fire is heating the outer cylinder of the 
package.  This causes the peak fuel cladding 
temperature to shift first to the bottom assembly in 
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the horizontal basket cross-section, then to the top 
assembly.  The rate of increase in the predicted 
peak cladding temperature slows briefly  to 1-
2°F/hr (0.5-1°C/hr) before increasing again as the 
peak temperature location shifts back to the center 
assembly in the core of the basket.  (The peak fuel 
clad temperature location is automatically tracked 
in these results during the transient.) 
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Figure 7.5. Peak Fuel Cladding Temperature 
History in TN-68 During First 50 
hr of Transient 

The peak clad temperature continues to increase 
after the fire, because thermal radiation from the 
tunnel ceiling, walls and floor is continuing to add 
heat to the package and the external ambient air 
temperature slows the rate of heat removal by 
convection.  However, the rate of increase drops to 
only about 2°F/hr (~1°C/hr).  At about 15 hours 
into the transient, the rate of increase of the peak 
clad temperature begins to climb again, to a rate of 
about 10°F/hr (6°C/hr), then again drops to only 
3°F/hr (~2°C/hr) after about 20 hours.  This 
behavior is due to the decrease in the rate of heat 
removal via thermal radiation as the tunnel 
surfaces cool down, and the more gradual decrease 
in the rate at which heat is being removed from the 
package by forced convection from the hot air 
flowing past the package.   

By the end of the NIST transient at 30 hours, the 
rate of increase of the peak clad temperature has 
dropped to less than 3°F/hr (<2°C/hr).  The global 
peak cladding temperature of 845°F (452°C) is 
finally reached at ~40 hours into the transient. 
(The dashed portion of the curve in Figure 7.5 
denotes results that stem from the boundary 
conditions extrapolated beyond the results 
obtained in the 30-hour NIST calculation.) 

The maximum temperature history of the seals in 
the package closure and vacuum port is shown in 
Figure 7.6.  The curve in this figure represents the 
global peak of all seal material used in the TN-68.  
As shown in this figure, the Helicoflex® seal 
material is predicted to reach a maximum 
temperature of 811°F (433°C) right at the end of 
the fire, then gradually begins to cool as the 
transient proceeds into the post-fire duration.  This 
peak temperature exceeds the maximum operating 
temperature of 536°F (280°C) for this material. 

Bolts and other subcomponents were not explicitly 
represented at the package ends in the COBRA-
SFS model of the TN-68.  However, the depicted 
temperature history (see Figure 7.6) conservatively 
represents the peak temperature history of the 
closure bolts due to the manner in which heat must 
migrate around the top impact limiter into the 
package upper forging, through the closure seal 
location, and then into the closure.  This is due to 
the limited conduction offered by the steel-
encapsulated wooden impact-damping material. 

The thermal response of the package after the end 
of the fire is further illustrated in Figure 7.7, with 
plots showing radial temperature profiles through 
the package at selected time intervals through the 
transient.  These profiles show that the outer shell 
and former neutron shield cool rapidly once the 
fire is over, while the temperatures of the internal 
nodes representing the basket tubes and poison 
plates continue to rise in response to the heat load 
from the spent nuclear fuel. 
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Figure 7.6. Maximum Global TN-68 Closure/ 
Port Seal Temperature History 
During First 30 hr of Transient 
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Figure 7.7. Temperature Profiles Top-To-
Bottom Through TN-68 Package 
Axis: First 30 hr of Transient 

7.1.3 TN-68 Long-Term Post-Fire 
Response 

The NIST calculation used to define the boundary 
conditions for the COBRA-SFS analysis simulated 
the fire transient and its aftermath out to 30 hours.  
However, the trends exhibited by the temperatures 
of the various components of the package at the 
end of the transient indicate that the system is not 
yet at a new steady state by then.  Temperatures 
predicted by NIST for the first 30 hours were 
extrapolated from 30 hours out to 300 hours using 
a power function to realistically model cool-down 

of the tunnel environment.  (The extrapolated 
values are presented in Figures 6.5 and 6.6 for the 
air and wall temperatures, respectively.)   

To explore the effects of prolonged exposure to 
post-fire conditions in the tunnel, the calculations 
were carried out for the full 300 hours (273 hours 
after fire cessation).  This is equivalent to 
assuming that the package will be left in the tunnel 
for an extended period (days or weeks rather than 
merely hours) without any emergency responder 
intervention.  This assumption is not very realistic 
but is highly conservative in that it defines a 
relatively severe long-term ambient environment. 

During the first 30 hours of the transient, the heat 
transfer at the package surface was assumed to be 
forced convection at the velocities predicted in the 
tunnel by the NIST calculation.  The basis for this 
approach is discussed in Section 6.0.  This is a 
relatively conservative assumption, particularly for 
conditions after about 20 hours into the transient, 
when the velocities predicted in the NIST 
calculation have dropped to values of 1 to 2 ft/s 
(0.3 to 0.6 m/s) or less.  For the latter portion of 
the transient (t ≥ 20 hours), heat transfer at the 
package surface is a complex mixture of forced 
convection (due to air flow induced in the tunnel 
by the temperature gradients of the fire) and free 
convection (driven by the non-uniform 
circumferential temperatures of the package outer 
shell.)  This was conservatively approximated by 
imposing a purely forced convection heat transfer 
coefficient (based on the NIST air velocities and 
temperatures) for the first 30 hours of the 
simulation, then imposing a free convection 
coefficient for the remainder of the calculation.   

Figure 7.8 shows the temperature response of the 
various components of the package for the long 
term transient calculation to 300 hours.  (As 
previously indicated, the dashed portion of the 
curve is used to distinguish the results that stem 
from the boundary conditions that were 
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extrapolated from the NIST simulation.)  As 
shown in Figure 7.8, the highest peak clad 
temperature, 845°F (452°C), is reached at 
approximately 40 hours.  The peak temperature for 
the basket structure is also reached at about the 
same time.  The predicted maximum in the peak 
clad temperature is below the regulatory limit of 
1058°F (570°C) by a difference of 213°F (110°C).  
All other temperatures in the package have been 
decreasing steadily since the end of the fire.   
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Figure 7.8. Maximum Temperature Histories 
for TN-68 Package Components 
During 300 hr of Transient 

By 100 hours, the peak clad temperature has 
dropped to 784°F (418°C), with temperatures 
decreasing at rates of about -1°F/hr  (-0.6°C/hr).  
After 200 hours, the peak clad temperature has 
dropped to 719°F (382°C), and at 300 hours is 
predicted to be down to 690°F (366°C) for the 
specified boundary conditions.  At this point in the 
transient calculation, the rate of change of local 
temperatures in the system is about -0.2°F/hr 
(-0.1°C/hr).  The rate of cooling is very slow due 
to the huge thermal mass of the package and its 
fuel load.  Projections of the cooling rate indicate 
that it would take an additional 175-200 hours to 
reach a new post-fire steady state. 

The trends in Figure 7.8 show that the overall 
thermal response of the package to the fire 

transient is essentially an accommodation to the 
new higher-temperature boundary conditions 
extrapolated from the conditions predicted at the 
end of 30 hours in the NIST fire analysis.  The 
temperature of the fuel and basket is largely 
unaffected by the heat input to the package from 
the fire; the increase in peak clad temperature and 
peak basket temperature is due almost entirely to 
having no heat removal from the package during 
the fire and for about an hour immediately 
afterwards.  After the ambient temperatures drop 
enough to allow heat removal from the package, 
the rate of increase of the peak clad temperature 
begins to level off and then finally turn around 
about 40 hours into the transient. 

Viewed on the scale of 300 hours, the fire portion 
of the transient appears as a relatively short-lived 
spike in the boundary conditions that significantly 
affects only the outer shell, neutron shield, and 
impact limiters, and to a lesser extent the outer and 
inner gamma shielding.  These components show a 
rapid temperature increase during the fire, but after 
the end of the fire immediately begin to rapidly 
cool down.  

Peak component temperatures for the TN-68 
package over the transient fire simulation are 
summarized in Table 7.1. 
 
Table 7.1. TN-68 Peak Component 

Temperatures During Fire 
Transient 

Component 

Maximum 
Temperature 

(COBRA-SFS)     
°F (°C) 

Time 
(hours)

Fuel Cladding 845 (452) 40 
Basket Plate 836 (447) 40 
Basket Rail 801 (427) 8.3 
Inner Shell 857 (458) 7.0 
Gamma Shell 886 (474) 7.0 
Package Bottom 762 (406) 7.0 
Seals 811 (433) 7.0 
Neutron Shield 1355 (735) 6.9 
Outer Shell 1789 (976) 6.3 
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7.2 Holtec HI-STAR 100 Fire 
Transient Results 

The ANSYS model of the HI-STAR 100 package 
consists of a total of 149,100 standard computa-
tional elements and 288 superelements that are 
solved for each time step.  Similar to the COBRA-
SFS model of the TN-68, this model yields an 
overwhelming volume of output that must be 
processed to produce a coherent picture of the 
package response.  The following three 
subsections present the peak temperatures versus 
time for selected components, as determined with 
ANSYS for the HI-STAR 100 subject to the 
hypothetical fire transient conditions described in 
Section 6. 

7.2.1 HI-STAR 100 During the Fire 

Figure 7.9 shows the initial temperature response 
of the HI-STAR 100 package predicted with 
ANSYS during the fire portion of the transient.  
The maximum temperature of the HI-STAR 100 
package surface increases rapidly to a peak 
temperature of 1831°F (999°C) around 6 hours 
into the fire.  The maximum temperature of the 
inner shell material, which defines the primary 
containment boundary, also shows a relatively 
rapid increase, reaching a peak of 1444°F (784°C) 
approximately 6.75 hours into the fire.  This 
corresponds to the peak boundary condition 
temperatures defined by the fire.  The fire 
temperatures predicted in the NIST analysis peak 
at 6.75 hours, and then drop off rapidly thereafter 
as the fire burns itself out.  The peak temperature 
of the inner shell material is predicted to lead the 
gamma shield material peak temperature because 
the elements selected to define the primary 
containment boundary include the bottom and top 
forgings and lid.  A large section of the top forging 
is directly exposed to the fire (un-shrouded by the 
gamma shield, neutron shield/fin section and 
upper impact limiter.)  
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Figure 7.9. Maximum Temperature Histories 
for HI-STAR 100 Package 
Components During Fire Transient 

Similar to the TN-68 results with the COBRA-SFS 
model, the internal components of this package 
also show a very slow thermal response during the 
fire.  The gamma shield takes nearly an hour to 
show any noticeable increase in temperature.  Two 
hours elapse before the internal canister shell 
temperature rises as much as 1°F above the initial 
steady-state peak temperature of 494°F (257°C).  
The peak temperatures of the basket structure, 
poison plates, and fuel rise only by about 2°F 
(1°C) in the first five hours of the fire.   

This is approximately an hour later than the TN-68 
response and can be attributed to the additional 
thermal barrier represented by the canister in this 
particular design.  During this time period, the 
peak temperature on the outer skin surrounding the 
neutron shield of this package is predicted to go up 
to 1831°F (999°C), and the peak temperature on 
the gamma shields increases to 1400°F (760°C). 

By the end of the fire, marking the point at which 
all volatile flammables are consumed, the peak 
clad temperature has risen to only 813°F (434°C).  
The outer shell of the package is predicted to have 
a peak temperature of 1449°F (787°C) at the end 
of the fire, with the outer gamma shield at 1322°F 
(717°C).  This is a bit cooler than the TN-68 at this 
point in time.  The difference is due mainly to the 
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larger thermal resistance to radial heat flow in the 
thinner skin of the HI-STAR 100, compared to the 
TN-68.  However, both packages tend to perform 
similarly overall. 

As with the TN-68 results, the large difference in 
the predicted rate of increase in temperature for 
the internal and external components of the HI-
STAR 100 is because the neutron shield and 
gamma shield insulate the basket and fuel 
assemblies from the fire.  The slow response is due 
mainly to the huge thermal inertia of the package 
components themselves.  Even under the severe 
heat load imposed by the sustained high 
temperatures of a fire lasting nearly 7 hours, it 
takes time to raise the temperature of such a large 
mass of material despite its internal heat 
generation component. 

7.2.2 HI-STAR 100 Short-Term Post-Fire 
Response 

Figure 7.10 shows the temperature response of the 
package during the first 30 hours of the ANSYS 
transient simulation.  During the fire, the material 
in the neutron shield is predicted to achieve 
temperatures that will heavily degrade it.  As 
noted in Section 7.1.1 for the predicted loss of the 
TN-68 cask’s neutron shield, the HI-STAR 100 is 
also designed to attenuate neutron radiation to 
acceptable levels (see 10 CFR 71.51 [1]) following 
an accident without the assistance of the neutron 
shield material.  However,  the neutron shield’s 
heat transfer capability is expected to deteriorate 
rapidly during the fire.  In the ANSYS evaluation, 
it was assumed that the neutron shield material 
(HOLTITE-A) remains in place and unaffected 
during the fire, but instantly degrades at the end of 
the fire, to be replaced by hot air.  This maximizes 
the heat input into the package.  

This is a conservative representation of the effect 
of the fire on the neutron shield from the stand-
point of the thermal response of the system.  The 

thermal conductivity of HOLTITE-A is approxi-
mately 16 times that of air, so extending the 
residence time to the end of the fire results in the 
calculation somewhat overestimating the rate of 
heat flow into the package during the fire.  This 
will result in higher calculated temperatures on the 
package internals than would occur if degradation 
were accounted for at a more realistic rate during 
the fire.  As an additional associated conservatism, 
the latent heat absorbed in the degradation of the 
material, which would tend to decrease the 
external heat flux due to the fire, is also neglected. 
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Figure 7.10.  Maximum Temperature Histories 
for HI-STAR 100 Package Compo-
nents During First 30 hr of 
Transient 

Figure 7.10 shows the peak temperatures predicted 
in the ANSYS analysis for the various components 
of the package during the full 30 hours of the 
transient as defined by the NIST calculations.  
These results show that once the fire is over, the 
predicted peak temperatures on outboard 
components begin to drop rapidly (i.e., outer shell, 
gamma shield, etc.).  This is primarily a response 
to the rapid decrease of the boundary 
temperatures, as can be seen in Figure 7.11, which 
shows the outer shell surface temperature pre-
dicted with ANSYS compared to the tunnel ceiling 
temperature and the temperature of the air above 
the package derived from the NIST calculations 
and used as boundary conditions. 
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Figure 7.10 shows that the peak temperatures on 
the gamma shields and inner shell of the package 
decrease after the end of the fire.  However, the 
temperature decrease for these components is 
much slower than for the outer shell because the 
internal components must absorb the thermal load 
from the fuel.  Similarly, the peak temperature of 
the basket shows a continuous increase even after 
the end of the fire, as does the peak clad 
temperature. 
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Figure 7.11. Maximum HI-STAR 100 Package 
Surface Temperature Compared to 
NIST Boundary Condition 
Temperatures 

The plot of the predicted peak clad temperature in 
Figure 7.10 shows that the thermal output of the 
fire itself has little effect on the fuel or its 
accommodating basket.  As discussed above for 
the TN-68, the observed rise in peak clad 
temperature is mainly a response to the effects of 
the external boundary conditions on the rate of 
heat transfer from the package.  The heat of the 
fire does not result in much of an increase in the 
package internal temperatures, but the increase in 
the external air temperature severely compromises 
the rate of heat rejection from the package, and 
continues to do so long after the fire is out.  This is 
illustrated very clearly by the plot of the peak clad 
temperature alone shown in Figure 7.12 for the 
first 50 hours of the NIST transient.  The fire is 

very nearly over before the peak clad temperatures 
show a discernable increase. 

Figure 7.12 shows that a little after 5 hours into 
the fire, the global peak clad temperature begins 
an almost adiabatic heat up (approximately 
69°F/hr (38°C/hr)) because the fire prevents 
normal heat removal from the package by natural 
convection at the surface.  This adiabatic heat-up 
continues for about an hour after the end of the 
fire, until the package shell temperature drops low 
enough to permit some heat removal from the 
package by  radiation to the tunnel surfaces.   
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Figure 7.12.  Peak Fuel Cladding Temperature 
History in HI-STAR 100 During 
First 50 hr of Transient 

The initial fuel cladding temperature rise shown to 
initiate shortly before the end of the fire (~5.5 
hours) occurs on fuel in the outer periphery of the 
basket in a portion of the package facing the top of 
the tunnel.  The fuel in this region is initially rising 
in temperature faster than that residing in the 
center of the basket.  This continues until ~8 hours 
into the transient.  However, by this time the fire 
has ended (at ~7 hours) and the internal heat 
begins spread as component temperatures 
redistribute radially throughout the package, 
causing the peak fuel cladding temperature to shift 
from one assembly to another.   



 

 7.11 

The peak cladding temperature begins to drop for 
a brief period, before rising again as fuel in the 
core of the basket begins to heat up and exceed the 
temperature of the fuel on the outer periphery.  
(Just as with the TN-68 results, the peak fuel clad 
temperature is captured in the global summary as 
it moves from assembly to assembly within the 
fuel basket during the transient.)  The peak clad 
temperature continues to increase, because the hot 
air flow and hot tunnel surfaces resulting from the 
fire are continuing to compromise heat rejection 
from the package surface.   

The package is designed to reject heat to ambient 
at 100°F (38°C), but the air within the tunnel 
environment is still above 200°F (93°C) at 30 
hours, decreasing from a peak of 1557°F (847°C) 
at the end of the fire.  However, by the end of 30 
hours, the rate of increase in the peak clad 
temperature has dropped to only about 2°F/hour 
(1°C/hour), in response to the decreasing boundary 
temperatures.  The global peak cladding 
temperature reaches a maximum of 887°F (475°C) 
at approximately 32 hours into the transient. 

The maximum temperature history of the seals in 
the package lid closure, ports, and port covers is 
shown in Figure 7.13.  The curve in this figure 
represents the global peak of all seal material 
utilized in the HI-STAR 100. These temperatures 
are gathered by querying nodes at the seals’ 
locations, even though the seals were not explicitly 
represented in the model.  As shown in this figure, 
the metallic mechanical seal material reaches a 
maximum temperature of 1177°F (636°C) right at 
the end of the fire, then gradually begins to cool as 
the transient proceeds into the post-fire cool down.  
Despite an abrupt rise in temperature during the 
fire, the peak seal temperature remains below the 
lowest reported maximum continuous-use seal 
temperature limit of 1200°F (649°C) (see Table 
4.1.1 of the HI-STAR 100 SAR [10].) 

Bolts were not explicitly represented at the 
package lid and buttress interface in the ANSYS 
model of the HI-STAR 100.  However, the 
depicted seal temperature history conservatively 
represents the peak temperature history of the 
closure bolts due to the manner in which heat has 
to migrate around the top impact limiter, into the 
package upper forging (between the top limiter 
and neutron shield/fin section), through the closure 
seal location, and then into the closure.  This is 
due to the limited conduction offered by the 
stainless steel-encapsulated cellular honeycomb 
material. 
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Figure 7.13. Maximum Global HI-STAR 100 
Closure/Port Seal Temperature 
History During First 30 hr of 
Transient 

7.2.3 HI-STAR 100 Long-Term Post-Fire 
Response 

The trends exhibited by the temperatures of the 
various components of the HI-STAR 100 package 
at the end of the 30 hour transient indicate that the 
system is not yet at a new steady state.  Boundary 
temperatures predicted by NIST were extrapolated 
from 30 hours out to 300 hours using a power 
function to realistically model cool down of the 
tunnel environment.  (The extrapolated values are 
presented in Figures 6.5 and 6.6 for the air 
temperatures and wall temperatures, respectively.)   
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To explore the effects of prolonged exposure to 
post-fire conditions in the tunnel, the calculations 
were carried out for the full 300 hours (273 hours 
after fire cessation).  As discussed previously, this 
is equivalent to assuming that the package will be 
left in the tunnel for up to 12.5 days without any 
emergency response.  This assumption is not very 
realistic, but is highly conservative in that it 
defines a relatively severe long-term ambient 
environment around the package.   

The same relatively conservative assumptions 
applied to the TN-68 evaluation for external 
convection during the fire and post-fire duration 
were applied to the HI-STAR 100 evaluation.  A 
purely forced convection heat transfer regime and 
associated heat transfer coefficient was assumed 
for the first 30 hours of the simulation, then a 
purely free convection regime and associated 
coefficient was assumed for the remainder of the 
calculation (t ≥ 30 hours).  (Refer to Section 6 for 
detailed discussion of the heat transfer boundary 
conditions on the package surfaces.) 

Figure 7.14 shows the temperature response of the 
various components of the package for the long 
term transient calculation to 300 hours.  As 
previously discussed, the dashed portion of the 
curve is used to distinguish the results that stem 
from the boundary conditions that were 
extrapolated from the original NIST calculation.  
As noted in Section 7.2.2 (see Figure 7.12), the 
highest peak clad temperature is reached at 
approximately 32 hours, with a value of 887°F 
(475°C).  This is 171°F (95°C) below the 
regulatory limit.  The peak temperature for the 
basket/poison plate structure is reached at about 
the same time.   

All other temperatures in the package have been 
decreasing steadily since the end of the fire.  By 
100 hours, the peak clad temperature has dropped 
to 757°F (403°C).  Similar to the results for the 
TN-68, this system is not yet at a new post-fire 

steady-state by this time (see Section 7.1.3, Figure 
7.8).  The HI-STAR 100 is nearing its new post-
fire steady-state at about 200 hours, with rates of 
temperature change on the order of approximately 
-0.3°F/hr (-0.2°C/hr).  After 250 hours, the peak 
clad temperature has dropped to 681°F (361°C), 
and at 300 hours, it is predicted to be 674°F 
(357°C) for the specified boundary conditions.  At 
this point in the transient calculation, the rate of 
change of local temperatures in the system is less 
than -0.1°F/hr (-0.06°C/hr), and the conditions can 
be treated as being essentially at a new post-fire 
steady state. 
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Figure 7.14. Maximum Temperature Histories 
for HI-STAR 100 Package Compo-
nents During 300 hrs of the 
Transient 

The trends in Figure 7.14 show that the overall 
thermal response of the package to the fire 
transient is essentially an accommodation to the 
new higher temperature boundary conditions 
represented by the conditions predicted at the end 
of 30 hours in the NIST fire analysis.  Viewed on 
the scale of 300 hours (i.e., from pre-fire to post-
fire steady state), the fire portion of the transient 
appears as a relatively short-lived spike in the 
boundary conditions that significantly affects only 
the outer shell, impact limiters, and the neutron 
shield, and to a lesser extent, the gamma shield, 
inner shell, and canister.  The outer shell and 
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neutron shield show a rapid temperature increase 
during the fire, but after the end of the fire 
immediately begin to rapidly cool down.   

The temperature of the fuel and basket is largely 
unaffected by the heat input to the package from 
the fire.  The increase in peak clad temperature 
and peak basket temperature is due almost 
exclusively to having no heat removal from the 
package during the fire and for about an hour 
immediately afterward.  After the ambient 
temperatures drop enough to allow heat removal 
from the package, the rate of increase of the peak 
clad temperature begins to level off, and then 
finally turns around at about 32 hours into the 
transient. 

The TN-68 system displays a rapid peak cladding 
temperature increase during the interval from 
about 6 to 8 hours of the transient, followed by a 
much slower rate of increase until about 16 hours, 
at which point it begins to rise again toward its 
final peak value, reached at approximately 40 
hours.  The peak cladding temperature predicted 
for the HI-STAR 100 follows a similar pattern, but 
with a somewhat more dynamic response.  After 
reaching a peak at approximately 8 hours, the peak 
cladding temperature actually decreases for a time, 
until about 16 hours, at which point it begins to 
rise toward its final peak value, reached at about 
32 hours.   

The difference in response of the peak clad 
temperature in the two packages is due to three 
main factors.  There are significant differences in 
construction and thickness of the finned neutron 
shield regions in the two package designs.  There 
is about a 15% difference in the thermal inertia 
associated with the spent fuel assemblies in each 
package (the HI-STAR 100 contains 24 PWR fuel 
assemblies, compared to  68 BWR fuel assemblies 
within the TN-68 package), and the two packages 
have very different basket designs.  In addition, 
the high thermal conductivity of the HI-STAR 100 

aluminum honeycomb impact limiters aids in 
ramping up component temperatures faster in the 
ends of the package, compared to the effect of the 
redwood impact limiters on the TN-68 package. 

The TN-68 does not utilize an internal canister to 
hold spent fuel.  It relies instead on seals to 
prevent radioactive releases from the fuel 
compartment.  The maximum predicted seal 
temperature, which is seen by the package lid seal, 
is 811°F (433°C), and occurs at the end of the fire.  
This is below the peak seal temperature predicted 
for the HI-STAR 100 and is primarily due to the 
relatively low conductivity of the redwood 
material used in the TN-68 impact limiter design, 
compared to the aluminum honeycomb in the HI-
STAR 100 impact limiter design. 

When comparing the heating trends associated 
with the HI-STAR 100 and the TN-68 (compare 
results shown in Figure 7.14 and in Figure 7.8) , it 
appears that the HI-STAR 100 generally heats up 
faster during the fire than the TN-68.  However, 
this is mainly an artifact of the differences 
between the initial steady-state conditions in the 
two packages, different exterior packaging, and 
differences in their respective fuel loading. The 
HI-STAR 100 components enter the fire transient 
anywhere from 100°F to 200°F (56°C to 111°C) 
hotter than the corresponding components of the 
TN-68.  These temperature differences are due to 
the redundant encapsulation provided by the MPC 
canister in the HI-STAR system, the number of 
fuel assemblies that the decay heat is distributed 
over (24 for the HI-STAR 100 versus 68 for the 
TN-68), and the level of shrouding of the package 
surface by the support device. HI-STAR 100 is 
heavily shrouded by its support cradle; the TN-68 
outer surface is essentially bare to ambient 
conditions.   

In addition to these essentially incidental 
differences, there are some small differences in 
design that affect the rate of heat-up of the outer 
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shells of the two packages.  The TN-68 has a 50% 
thicker solid outer skin which distributes the heat 
from the fire transient circumferentially to cooler 
regions of the package more effectively than the 
thinner outer skin of the HI-STAR 100 package.  
The outer skin of the HI-STAR 100 package 
consists of relatively narrow welded metal strips, 
rather than a single steel sheet.  The 0.19-inch 
(0.48 cm) fillet welds joining the metal strips 
(which were explicitly accounted for in the 
ANSYS model) present an additional barrier to 
circumferential heat flow in the HI-STAR 100 
package outer shell.  However, because both 
packages present a very large thermal mass to the 
fire and have very similar overall designs, they 
respond in essentially the same manner to the fire 
transient.  The differences shown in these two sets 
of results consist mainly of minor time-shifts in 
the response to the imposed boundary conditions, 
and in general the behavior of the two sets of 
curves make them almost indistinguishable. 

Peak component temperatures for the HI-STAR 
100 over the transient fire simulation are reported 
in Table 7.2. 

Table 7.2. HOLTEC HI-STAR 100 Peak 
Component Temperatures 
During Fire Transient 

Component 

Maximum 
Temperature 

(ANSYS)        
 °F (°C) 

Time 
(hours) 

Fuel Cladding 887 (475) 32 
MPC Basket  878 (470) 9 
Boral 876 (469) 9 
Canister Shell 1020 (549) 7.3 
Inner Shell and 
Forgings 1444 (784) 6.8 

Gamma Shield 1400 (760) 6.8 
Package Skin 1831 (999) 6 
Lid/Vent/Drain Port 
Seals 1177 (636) 6.8 

Impact Limiter Skin 1826 (997) 6 
Impact Limiter 
Structure 1591 (866) 6.8 

7.3 NAC LWT Fire Transient 
Results 

The ANSYS model of the NAC LWT package 
consists of a total of 50,673 standard 
computational elements and 12 superelements that 
are solved for each time step.  Similar to the TN-
68 and HI-STAR 100 models, this model yields a 
large amount of output that has been processed to 
characterize the package response.  The following 
three subsections present the peak temperatures 
versus time for selected components, as deter-
mined with ANSYS for the NAC LWT package 
subject to the hypothetical fire transient conditions 
described in Section 6. 

7.3.1 LWT During the Fire 

Figure 7.15 shows the initial temperature response 
for the NAC LWT package and ISO container as 
predicted with ANSYS during the fire portion of 
the transient.  Similar to the HI-STAR 100, the 
maximum temperature of the exterior surface of 
the ISO container surrounding the NAC LWT 
package increases rapidly to a peak temperature of 
1592°F (867°C) around 6 hours into the fire.  This 
is roughly 200°F (111°C) below that of the 
HI-STAR 100 external surface peak temperature, 
and is due to the substantial view that the hottest 
portion (top) of the ISO container has of cooler 
surfaces (i.e., the package body, and the sides and 
bottom of the ISO container.)   

The maximum temperature of the exterior surface 
of the package is slightly lower, at 1526°F 
(830°C).  The maximum temperature of the cask 
inner shell material, which defines the primary 
containment boundary along with the bolted lid, 
shows a more gradual increase, reaching a peak of 
1272°F (689°C) at about 7 hours into the fire.  

Unlike the TN-68 and the HI-STAR 100, the 
internal components of the LWT package, 
particularly the fuel assembly, exhibit a noticeable 
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thermal response during the fire.  The peak fuel 
cladding temperature begins to rise at about two 
hours elapsed time, and the package structural 
components show a fairly rapid rise in temperature 
in the first hour of the fire.  This occurs primarily 
because this package has considerably less thermal 
inertia than the two larger multi-assembly 
packages. The additional heat transfer paths 
available into the LWT package are also 
contributing factors, resulting from the fuel 
assembly being exposed within a cavity at each 
end of the cask.  As the inner shell surrounding the 
assembly ends heats up, radiation exchange within 
the cavities generates cladding temperatures at the 
ends of the fuel rods that are significantly higher 
than the temperatures at the center, as illustrated in 
Figure 7.16.   
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Figure 7.15. NAC LWT Package Component 
Maximum Temperature Histories 
During Fire Transient 

By the end of the fire (at approximately 7 hours), 
the predicted peak fuel cladding temperature in the 
end region of the fuel has reached 1010°F (543°C) 
and is still rising.  This value is approaching  (and 
eventually will exceed—see Section 7.3.2) the 
currently accepted short term temperature limit of 
1058°F (570°C) for Zircaloy clad spent nuclear 
fuel under accident conditions [23].   

Other components of the package, in contrast to 
the peak cladding temperature, reach their peak 
temperature values at or very close to the end of 
the fire.  This behavior closely follows the sudden 
decrease in the external thermal load on the 
package as the fire burns itself out.  This can 
readily be seen in the peak temperatures reached 
on the gamma shield and the neutron shielding. 

 

Figure 7.16. Lumped Fuel Assembly 
Temperature Distribution 7 hr into 
Transient 

The gamma shielding is provided by a lead layer 
between the inner and outer shells as well as a lead 
section in the welded base (i.e., the end opposite 
the package lid).  The lead temperature reaches a 
maximum of 1378°F (748°C) at 6.75 hours 
elapsed time.  This is considerably greater than the 
established safe operating limit of 600°F (316°C) 
[11] for this material, and could result in reduced 
gamma shielding due to melting and slumping of 
the lead.  However, in this calculation the lead is 
assumed to remains intact, to conservatively 
maximize heat input during the transient. 

Neutron shielding is provided by the tanks of 
ethylene glycol solution on the package exterior.  
As described in Section 5.3, the temperatures of 
the nodes representing the main tank and overflow 
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tank were monitored for temperatures indicating 
rupture and evaporation throughout the transient 
solution.  Similar to assumptions in the standard 
fire analysis included in the SAR [11], the liquid 
in the tank is expected to lose its shielding 
capability when the temperature exceeds its 350°F 
(177°C) boiling point. As noted for the TN-68 and 
HI-STAR 100 casks, the NAC LWT is also 
designed to attenuate neutron radiation to 
acceptable levels (see 10 CFR 71.51 [1]) following 
an accident without the assistance of the neutron 
shield material.  However, the loss of the neutron 
shield affects the rate of heat transfer into and out 
of the cask during and after the fire transient.   

As a measure of conservatism, tank rupture was 
considered to occur only after the minimum 
ethylene glycol temperature for each tank 
exceeded 350°F (177°C).  This assumption 
effectively delays rupture to a slightly later point 
in the transient than might be expected, thus 
maximizing heat input into the package.  The 
model predicted that the inner neutron shield tank 
and the outer expansion tank rupture at ~1.5 hours.  
Following rupture, the effective conductivity of 
the tank was significantly decreased, due to the 
ethylene glycol volume being expelled and 
replaced with air. 

7.3.2 LWT Short-Term Post-Fire 
Response 

Figure 7.17 shows the peak temperatures predicted 
for various components of the package during the 
first 30 hours of the ANSYS transient simulation 
based on the NIST simulation results.  The 
cladding peak and average temperatures continue 
to rise after the fire, just as in the analyses for the 
TN-68 and HI-STAR 100 packages, and for much 
the same reason.  The ambient conditions in the 
tunnel immediately following the fire severely 
retard the rate at which the fuel decay heat can be 
removed from the package.   
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Figure 7.17. NAC LWT Package Component 
Maximum Temperature Histories 
for First 30 hr of Fire Transient 

However, once the fire is over, the predicted peak 
temperatures on outboard components (i.e., the 
ISO container and cask outer surface) begin to 
drop rapidly in response to the rapid decrease in 
the boundary temperatures (see Figure 7.18).  This 
figure shows the outer shell surface temperature 
predicted with ANSYS, compared to the tunnel 
ceiling temperature and the temperature of the air 
above the ISO container, derived from the NIST 
calculations and used as boundary conditions.  
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Figure 7.18. Maximum ISO Container Surface 
Temperature History Compared 
with NIST Boundary Condition 
Temperatures 
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Figure 7.17 shows that the peak temperatures for 
all package components begin to decrease shortly 
after the end of the fire.  The peak cladding 
temperature reaches its maximum value of 1099°F 
(593°C) at 9 hours.  This is 41°F (23°C) above the 
short term limit of 1058°F (570°C), but is still 
283°F (157°C) below the temperature at which 
Zircaloy fuel rods actually fail by burst rupture, 
which is approximately 1382°F (750°C) [25].  
(The maximum temperature for the basket reaches 
its peak of 1069°F (576°C) at about 8 hours into 
the transient, but this temperature curve is omitted 
from Figure 7.17 for clarity.) 

As a result of the low thermal inertia of this 
package, peak temperatures in the various 
components occur within two hours of the fire 
being extinguished, rather than 25 or 33 hours 
later, as in the HI-STAR 100 and TN-68, 
respectively.  Because of the heating of the ends of 
the fuel rods due to thermal radiation as a result of 
the fire, the average fuel temperature gradually 
increases to a maximum of 988°F (531°C).  This 
peak is reached at 9 hours elapsed time, as shown 
in Figure 7.19. 
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Figure 7.19.  Peak and Average Fuel Cladding 
Temperature Histories for NAC 
LWT Package During First 30 hr 
of Fire Transient 

The maximum temperature histories of the seals in 
the drain/vent ports and the lid are shown for the 
first 30 hours in Figure 7.20. (The calculated 
values were gathered by querying nodes at the 
seals’ locations, since the seals were not explicitly 
represented in the model.)  The drain and vent 
ports are sealed with Teflon O-rings.  The bolted 
lid is sealed by both metallic and Teflon O-ring 
seals.  The drain and vent ports reach a maximum 
temperature of 1410°F (766°C), and the lid seal 
reaches 1350°F (732°C) at the end of the fire. 
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Figure 7.20.  Maximum Seal Temperature 
Histories for Drain/Vent Ports and 
Package Lid During First 30 hr of 
Fire Transient 

These materials then gradually cool as the 
transient proceeds into the post-fire cool down.  
The extreme rise in temperature is due to the low 
thermal inertia associated with the LWT package 
and the close proximity of the seals to exterior 
surfaces subject to thermal radiation from the thin 
ISO container.   

The ISO container is itself subject to thermal 
radiation and convection heat input from the 
tunnel environment.  If the NAC LWT cask were 
not enclosed in an ISO container, the cask 
components would reach even higher temperatures 
during the postulated accident scenario.  However, 
with or without an ISO container, the predicted 
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seal temperatures are far greater than the 
maximum continuous-use seal temperature limits 
of 735°F (391°C) for Teflon seals and 800°F 
(427°C) for the metallic seals.   

7.3.3 LWT Long-Term Post-Fire 
Response 

As with the TN-68 and HI-STAR 100 analyses, 
the temperatures predicted in the NIST analysis 
were extrapolated from 30 hours to 300 hours 
using a power function in order to realistically 
model cool down of the tunnel environment.  (The 
extrapolated values are presented in Figures 6.5 
and 6.6.)   

Peak component temperatures for the LWT over 
the transient fire simulation are reported in 
Table 7.3.  To explore the effects of prolonged 
exposure to post-fire conditions in the tunnel, the 
calculations for the NAC LWT were carried out 
for the full 300 hours (273 hours after the end of 
the fire).  As discussed previously, this 
conservative approach is equivalent to assuming 
that the package will be left in the tunnel 
indefinitely, without any emergency responder 
intervention.  The same conservative assumptions 
used in the analysis of the TN-68 and HI-STAR 
100 were used to define the convection heat 
transfer boundary on the NAC LWT package.  A 
purely forced convection heat transfer regime was 
assumed for the first 30 hours of the simulation, 
then a purely free convection regime was assumed 
for the remainder of the calculation (t ≥ 30 hours). 

Figure 7.21 shows the temperature response of the 
various components of the package for the long 
term transient calculation to 300 hours.  The 
maximum temperatures were reached within a 
short time after the end of the fire, and the LWT at 
100 hours is very close to its new steady-state 
condition.  This behavior is consistent with its 
lower thermal inertia, in comparison to the larger 
multi-assembly packages.  

Table 7.3. NAC LWT Peak Component 
Temperatures During Fire 
Transient 

Component 

Maximum 
Temperature 

(ANSYS) 
°F (°C) 

Time 
(hours) 

Fuel Cladding 1099 (593) 9 
Aluminum PWR 
Insert 1069 (576) 8 
Inner Shell 1272 (689) 7 
Lead Gamma Shield  1378 (748) 6.75 
Outer Shell  1526 (830) 6 
Liquid Neutron 
Shield  1525 (829) 6 
Lid Seal  1350 (732) 6.9 
Drain/Vent Ports 1410 (766) 6.75 
Impact Limiters 1521 (827) 6 
ISO Container 1592 (867) 6 
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Figure 7.21.  NAC LWT Package Component 
Maximum Temperature Histories 
During 300 hr Transient 

Temperature distributions within the package for 
the final steady state will be slightly different than 
the original, due to the dissipation of the liquid 
neutron shield, changes in the surface emissivities 
because of the fire, and tunnel ambient conditions 
that differ from the hot-normal conditions assumed 
for the pre-fire steady state (i.e., lower ambient 
temperature and the absence of solar insolation.)
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8 POTENTIAL CONSEQUENCES 

USNRC Staff evaluated the potential for a 
release of radioactive material from each of the 
three transportation casks (HI-STAR 100, TN-68 
and NAC LWT) analyzed for the Baltimore 
tunnel fire scenario.  The analysis indicates that 
there would be no release expected from the HI-
STAR 100 cask.  However, the possibility of a 
small release cannot be entirely ruled out for 
either the TN-68 or NAC LWT casks, because 
cask temperatures during the fire or cool-down 
period exceed the long-term service temperature 
limits for the cask lid seals. 

Staff performed an analysis to determine the 
magnitude of any potential release.  Based on 
that analysis (which is described below), it was 
determined that any potential release from either 
the TN-68 or NAC LWT cask would be small—
less than an A2 quantity.6  The potential release 
would not involve a release of spent fuel or 
fission products, but could possibly result from 
CRUD spalling off the fuel rods. 

8.1 Results for the HI-STAR 100 
Cask 

The thermal analysis shows that the HI-STAR 
100 cask design would maintain three important 
barriers throughout the fire and subsequent cool 
down period, which would prevent the release of 
radioactive materials.  The welded inner canister 
remains intact and leak tight, preventing any 
release from the fuel rods themselves or as a 
result of CRUD spalling off the fuel rods.  The 
                                                      
6 An A2 quantity represents the threshold below 
which an accident resistant package is not required.  
The acceptance requirement for Type B packages is 
that they release less than an A2 quantity/week after 
being subjected to the hypothetical accident 
conditions in 10 CFR Part 71 [1]. 
 

temperature of the fuel cladding would peak at 
about 990°F (532°C), well below the short-term 
temperature limit of 1058°F (570°C) for 
Zircaloy cladding and significantly below its 
projected burst temperature of 1382°F (750°C).  
This would prevent the release of fission 
products from the fuel rods.  The maximum 
temperature of 1177°F (636°C) predicted for the 
cask’s metallic O-rings is below their rated 
continuous-use service temperature of 1200°F 
(649°C).  Thus, the O-rings would not be 
expected to significantly degrade. 

8.2 Results for the TN-68 Cask 

The thermal analysis for the TN-68 cask shows 
that during the Baltimore tunnel fire scenario, 
this cask design would maintain the integrity of 
the fuel cladding, which is the single most 
important barrier to prevent the release of 
radioactive materials.  At approximately 40 
hours elapsed time, the temperature of the fuel 
cladding would peak at about 845°F (452°C), 
well below the short-term temperature limit of 
1058°F (570°C) for Zircaloy cladding and 
significantly below its projected burst 
temperature of 1382°F (750°C).  This would 
prevent the release of fission products from the 
fuel rods.  However, the metallic helicoflex seals 
used on the TN-68 lid and vent and drain ports 
reach a maximum temperature of 811°F (433°C) 
by the end of the fire (at 7 hours elapsed time.)  
This exceeds the seals’ rated service temperature 
of 536°F (280°C) by 275°F (153°C).   

Exceeding the service temperature of the seals 
on the TN-68 cask lid or vent and drain ports 
means that there is a potential for a release to 
occur.  Potential releases would be limited, 
however, by the narrow convoluted flow paths 
of the drain and vent ports and by the tight 
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clearances of the close metal-to-metal contact 
between the lid and cask body.  The close 
contact is maintained by the pre-load created by 
the initial torque on the lid bolts.  Because the 
fuel cladding remains intact, it is not expected 
that any radioactive material would be released 
from inside the fuel rods. This limits any release 
from the cask to CRUD particles that may flake 
off or spall from individual fuel rods.  

The amount of releasable CRUD in the 
TN-68 cask was estimated using data developed 
by Sandia National Laboratory for analysis of 
CRUD contribution to shipping cask 
containment requirements [26], based on cask 
contents consisting of 68 BWR fuel assemblies, 
each assembly containing 49 fuel rods.  An 
estimate of the maximum “spot” CRUD activity 
shows that for 90% of BWR spent fuel rods the 
maximum activity is 300µCi/cm2 or less [26, 
Table I-17].  The ratio of the peak to average 
concentration on the rod surface (i.e., the 
maximum “spot” CRUD activity over the 
average value) varies by a factor of two for 
BWR fuel rods [26, Table I-17].    

The CRUD activity estimates [26] are based on 
newly discharged spent nuclear fuel. The CRUD 
activity is expected to decay by a factor of one-
half for five-year cooled fuel, based on the decay 
rate for Co60.  This proves to be a good 
approximation because 98% of the activity for 
five-year cooled BWR fuel comes from Co60.  
Based on this data, the average CRUD activity 
for a BWR rod with a surface area of 1600 cm2 
is about 0.12 Ci for five-year cooled fuel.  The 
average CRUD activity for a typical 7 x 7 BWR 
assembly is about 5.9 Ci. 

The amount of CRUD that might flake or spall 
from the surface of a BWR rod due to thermal 
stresses induced by temperature change in the 
fuel rods is estimated to be a maximum of 15% 
[26, Table I-10].  The major driving force for 

material release results from the increased gas 
pressure inside the cask due to increases in 
internal temperature.  The temperature change in 
the cask is bounded by the difference between 
the maximum gas temperature predicted during 
the fire transient and the gas temperature at the 
time the cask is loaded.  For this analysis, the 
loading temperature is defined as 100°F (38°C), 
based on the temperature reported in the SAR 
[9].  The maximum gas temperature is assumed 
to be the maximum peak clad temperature 
predicted during the transient.  This yields a 
conservative estimate of the temperature change. 

A deposition factor of 0.90 was used to account 
for the settling and deposition of CRUD 
particles on cask surfaces and fuel assemblies.  
The deposition factor was developed as part of 
NRC’s security assessments for spent nuclear fuel 
transport and storage casks, and is based on an 
analysis of the gravitational settling of small 
particles. The value of 0.90 is conservative 
because it does not consider the effects of 
particle conglomeration and plugging. It is also 
consistent with the values used in other studies 
[25]. The major assumptions used to estimate the 
potential CRUD release are given in Table 8.1. 

To estimate the potential release from the TN-68 
cask, a methodology similar to that developed 
by Sandia National Laboratory (for NUREG-
6672 [25]) was used.  This methodology was 
developed for evaluation of the generic risks 
associated with the transport of spent fuel by 
truck and rail from commercial power plants to 
potential interim storage and disposal sites.   

The potential release from the TN-68 cask can 
be estimated by adapting the equation developed 
in NUREG/CR-6672 ([25]) to estimate the 
releases from a severe fire accident.  The 
estimated release is given by the relationship 
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where  R  = release (curies) 
           CI  = amount of CRUD on fuel 
                    assemblies (curies) 
           S   = fraction of CRUD released due  
                    to heating 
          D  = deposition factor 
          Tp = peak internal temperature (°R)   
          Ti = initial internal temperature (°R) 

Table 8.1.  Assumptions Used for Release 
Estimate for TN-68 Cask 

Parameter Assumed 
value 

Number of Assemblies in  
TN-68 Cask 68 BWR 
Rods per Assembly 49 
Maximum  “spot” CRUD 
Activity on  Fuel Rod 300µCi/cm2 

Peak to axial average variation  2 
CRUD decay factor (5 yr) 
(based on Co60) 0.5 
Average surface area per rod 1600 cm2 
Average CRUD Activity on  
BWR Fuel Rod (5 yr cooled) 0.12 Ci 
Average CRUD Activity on  
BWR Assembly (5 yr cooled) 5.9 Ci 
Fraction of CRUD released 
due to heating 0.15 
Deposition Factor 0.90 

 
Table 8.2 shows the results obtained when this 
equation is applied using the parameter values 
from Table 8.1 and the temperatures predicted 
for the TN-68 cask in this accident scenario. 

Table 8.2. Potential Release Estimate for 
TN-68 Cask 

Initial 
temperature 

°F (°R) 

Peak 
temperature 

°F (°R) 

Potential 
release 
(curies) 

100 (560) 845 (1305) 3.4 

The potential release from the TN-68 cask 
based on five-year cooled fuel is estimated to be 
approximately 3.4 curies of Co60.  Since the A2 
value for Co60 is 11 curies, the potential release 
is about 0.3 of an A2 quantity (see footnote 6). 

8.3 Results for the NAC LWT 
Cask 

The thermal analysis for the NAC LWT cask 
shows that this cask design would also maintain 
the integrity of the fuel cladding during the 
Baltimore tunnel fire scenario, and thus would 
maintain the single most important barrier to 
prevent the release of radioactive materials.  The 
peak temperature of the fuel cladding is 
conservatively predicted to reach 1099°F 
(593°C), a temperature that is below the 
projected burst temperature of 1382°F (750°C) 
for Zircaloy cladding.  This peak temperature 
occurs at approximately 9 hours after the start of 
the fire (i.e., after a 7-hour fire and 2-hour cool 
down period).   

However, at about 6.9 hours elapsed time, the 
maximum temperature predicted for the Teflon 
and metallic helicoflex seals used on the NAC 
LWT lid reaches 1350°F (732°C).  This value 
exceeds the continuous-use rated service 
temperature limits of 735°F (391°C) for the 
Teflon seals and 800°F (427°C) for the metallic 
helicoflex seals.  Similarly, the peak temperature 
experienced by the vent and drain port seals 
(1410°F (766°C) at approximately 6.8 hours 
elapsed time), exceeds the rated long-term 
service temperature of the Teflon seal material.   

Exceeding the long-term service temperature of 
the seals on the NAC LWT cask lid or vent and 
drain ports means that there is a potential for a 
release to occur.  Potential releases would be 
limited, however, by the narrow, convoluted 
flow paths of the drain and vent ports and by the 
tight clearances of the close metal-to-metal 
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contact between the lid and cask body.  The 
close contact is maintained by the pre-load 
created by the initial torque on the lid bolts.  
Because the fuel cladding remains intact, it is 
not expected that any radioactive material would 
be released from inside the fuel rods. This limits 
any release from the cask to CRUD particles that 
may flake off or spall from individual fuel rods.  

The amount of releasable CRUD in the NAC 
LWT cask was based on contents consisting of 
one PWR fuel assembly containing 289 fuel 
rods.  An estimate of the maximum “spot” 
CRUD activity shows that for 90% of PWR 
spent fuel rods the maximum activity is 
20µCi/cm2 or less [26, Table I-15].  The ratio of 
the peak (i.e., the maximum “spot” CRUD 
activity) to average concentration on the rod 
surface varies by a factor of two for PWR fuel 
rods [26, Table I-12].  The CRUD activity 
estimates [26] are based on newly discharged 
spent nuclear fuel. The CRUD activity is 
expected to decay by a factor of one-half for 
five-year cooled fuel, based on the decay rate for 
Co60.  This proves to be a good approximation 
because 92% of the activity for five-year cooled 
PWR fuel comes from Co60.   

Based on these data, the average CRUD activity 
for a PWR rod with a surface area of 1200 cm2 
is about 0.006 curies for five-year cooled fuel.  
The average CRUD activity for a 17 x 17 PWR 
assembly is about 1.73 Ci.  The amount of 
CRUD that would flake or spall from the surface 
of a PWR rod due to temperatures calculated for 
the fuel rods in the thermal analysis is estimated 
to be a maximum of 15% [26, Table I-10].  
Finally, a deposition factor of 0.90 was used to 
account for the deposition of CRUD particles on 
cask surfaces and fuel assemblies.  

The major assumptions used to estimate CRUD 
release are given in Table 8.3.  The potential 
release from the NAC LWT cask can be 

estimated from the same equation used for the 
TN-68 release estimate, as described in Section 
8.2.  The major driving force for material release 
results from the increased gas pressure inside the 
cask due to increases in internal temperature.  
The temperature change is bounded by the 
difference between the maximum gas 
temperature predicted during the fire transient 
and the gas temperature inside the cask at the 
time the cask is loaded.   

For this analysis, the loading temperature is 
defined as 100°F (38°C), based on the 
temperature reported in the SAR [11].  The 
maximum  gas temperature is assumed to be the 
maximum peak clad temperature predicted 
during the transient.   

 
Table 8.3. Assumptions Used for 

Release Estimate for NAC 
LWT Cask 

Parameter 
Assumed 

value 

Number of Assemblies in Cask 1 PWR 
Rods per Assembly 289 
Maximum  “spot” CRUD 
Activity on  Fuel Rod 20µCi/cm2 

Peak to axial average variation  2 
CRUD decay factor (5 yr) 
(based on Co60) 0.5 
Average surface area per rod 1200 cm2 
Average CRUD Activity on  
PWR Fuel Rod (5 yr cooled) 0.006 Ci 
Average CRUD Activity on  
PWR Assembly (5 yr cooled) 1.73 Ci 
Fraction of CRUD released due    
to heating 0.15 
Deposition Factor 0.90 

 
 
Table 8.4 shows the results obtained when this 
equation is applied using the parameter values 
from Table 8.3 and the temperatures predicted 
for the NAC LWT cask in this accident scenario. 
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The potential release from the NAC LWT cask 
based on five-year cooled fuel is estimated to be 
approximately 0.02 curies of Co60.  Since the A2 
value for Co60 is 11 curies, the potential release 
is about 0.002 of an A2 quantity (see footnote 6).  
 

Table 8.4. Potential Release Estimate for 
NAC LWT Cask 

Initial 
temperature 

°F (°R) 

Peak 
temperature 

°F (°R) 

Potential 
release 
(curies) 

100 (560) 1099 (1559) 0.02 

8.4 Summary of Potential 
Releases 

The FDS model developed by NIST, as verified 
by the results of the NTSB investigation of the 
fire and the materials exposure analysis by 
CNWRA, has provided a detailed picture of the 
duration and severity of the fire that occurred in 
the Howard Street tunnel in Baltimore on July 
18, 2001.  The fire transient analyses performed 
with ANSYS and COBRA-SFS using the FDS 
simulation results as boundary conditions have 
shown the robust nature of the larger spent fuel 
transportation package designs (HI-STAR 100 
and TN-68).  The predicted response of the 
smaller LWT package, if hauled by rail and 
exposed to the same tunnel fire environment, 
indicates more component degradation.   

For the TN-68 and the NAC LWT, the 
maximum temperatures predicted in the regions 
of the lid and the vent and drain ports exceed the 
seals’ rated service temperatures, making it 

possible for a small release to occur, due to 
CRUD that might spall off the surfaces of the 
fuel rods.  However, any release is expected to 
be very small due to a number of factors.  These 
include (1) the tight clearances maintained 
between the lid and cask body by the closure 
bolts, (2) the low pressure differential between 
the cask interior and exterior, (3) the tendency of 
such small clearances to plug, and (4) the 
tendency of CRUD particles to settle or plate 
out. 

USNRC staff evaluated the radiological 
consequences of the package responses to the 
Baltimore tunnel fire.  The results of this 
evaluation strongly indicate that neither spent 
nuclear fuel (SNF) particles nor fission products 
would be released from a spent fuel shipping 
cask involved in a severe tunnel fire such as the 
Howard Street Tunnel fire in Baltimore.  None 
of the three cask designs analyzed for the 
Baltimore Tunnel fire scenario (TN-68, HI-
STAR 100, and NAC LWT) experienced 
internal temperatures that would result in rupture 
of the fuel cladding.  Therefore, radioactive 
material (i.e., SNF particles or fission products) 
would be retained within the fuel rods.  There 
would be no release from the HI-STAR 100, 
because the inner welded canister remains leak 
tight and all seals remain intact.  The potential 
releases calculated  for the TN-68 rail cask and 
the NAC LWT cask (as a consequence of 
exceeding seal temperature limits) indicate that 
any release of CRUD from either cask would be 
very small - less than an A2 quantity (see 
footnote 6)
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Appendix A 

Material Properties for COBRA-SFS Model of TN-68 Package 
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Table A.1. Internal Fill Gas—Helium at Atmospheric Pressure 
Temperature 

(°F) 
Enthalpy 
(Btu/lbm) 

Thermal Conductivity
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Specific Volume 
(ft3/lbm) 

Viscosity 
(lbm/hr-ft) 

0 100 0.078 1.24 83.33 0.0410 
200 348 0.097 1.24 119.76 0.0533 
400 596 0.115 1.24 156.25 0.0641 
600 844 0.129 1.24 192.31 0.0727 
800 1092 0.138 1.24 229.36 0.0823 

1000 1340 0.138 1.24 265.25 0.0907 
2552 3264 0.138 1.24 549.00 0.1138 

 
 

Table A.2. External Ambient Air at Atmospheric Pressure 
Temperature 

(°F) 
Enthalpy 
(Btu/lbm) 

Thermal Conductivity
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Specific Volume 
(ft3/lbm) 

Viscosity 
(lbm/hr-ft) 

60 124.5 0.0146 0.24 13.5669 0.0434 
300 182.1 0.0193 0.243 19.8325 0.058 
400 206.5 0.0212 0.245 22.4432 0.063 
500 231.1 0.0231 0.247 25.0539 0.068 
600 256 0.025 0.25 27.6645 0.072 
700 281.1 0.0268 0.253 30.2752 0.077 
800 306.7 0.0286 0.256 32.8859 0.081 
900 332.5 0.0303 0.259 35.4966 0.085 

1000 358.6 0.0319 0.262 38.1072 0.0889 
2000 617.2 0.0471 0.2586 64.214 0.1242 
4000 1522 0.0671 0.4524 116.428 0.1242 

 
 

Table A.3. Summary of All Solid Material Properties Pre-Fire 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

Thermal 
Conductivity 
(Btu/hr-ft-°F) Emissivity Description 

0.129 483.8 22.92 0.3 gamma shielding (SA-517 grade 70 carbon steel) 
0.13 499.4 10.44 0.3 fuel tubes (SA-240 stainless steel) 
0.214 165.9 41.72 0.3 borated aluminum poison plates 
0.311 98.5 4.34 N/A neutron shield (borated polyester) 
0.228 165.9 99.84 0.3 Aluminum alloy basket rails 
0.118 483.8 22.92 0.3 cask outer shella 

0.228 165.9 84.00 N/A 
aluminum in neutron shield and thermal shield 
between cask and bottom impact limiter 

0.420 23.1 0.064 N/A wooden impact limiters (covered with sheet steel)

0.420 11.0 0.053 N/A 
thin top layer of wood on impact limiter ends 
(covered with sheet steel) 

aBased on nominal emissivity for carbon steel.  SAR analyses use emissivity of 0.9 for painted cask surface, but cask 
specifications allow option for unpainted outer surface. 
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Table A.4. Summary of All Solid Material Properties Post-Fire 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

Thermal 
Conductivity 
(Btu/hr-ft-°F) Emissivity Description 

0.129 483.8 22.92 0.3 gamma shielding (SA-517 grade 70 carbon steel) 
0.13 499.4 10.44 0.3 fuel tubes (SA-240 stainless steel) 
0.214 165.9 41.72 0.3 borated aluminum poison plates 

0.26 0.027 0.03 N/A 
hot air (replaces polyresin neutron shield 
vaporized in fire) 

0.228 165.9 99.84 0.3 aluminum alloy basket rails 

0.118 483.8 22.92 0.8 
steel shell (SAR value post-fire is 0.95 for 
charred cask surface emissivity) 

0.228 165.9 84.00 0.9 
aluminum in neutron shield; inner and outer ring 
after polyresin evaporates 

1020.0 134.8 0.00735 0.8 charcoal (impact limiters after the fire) 
   0.9 tunnel wall 

 

 

COBRA-SFS Material Properties Compared with Published SAR Values 

Table A.5. BWR Spent Fuel Assemblies 
SAR values determined using k-effective model for homogeneous representation of fuel rods and 
helium gas within fuel tube.  

Temperature 
(°F) 

Transverse Thermal 
Conductivity 
(Btu/hr-ft-°F) 

Axial Thermal 
Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

195.8 0.0157  0.055 257.5 
200.0  0.058   
268.4 0.0178    
365.9 0.0206    
400.0  0.0646   
463.7 0.0239    
561.8 0.0277    
600.0  0.0709   
660.3 0.0319    
758.9 0.0367    
800.0  0.0769 0.055 257.5 

COBRA-SFS input— BWR fuel rods; conservative values at nominal operating temperature and 
above. 

Component 
Thermal Conductivity 

(Btu/hr-ft-°F) 
Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

fuel pellet: 3.0 0.059 655.0 
cladding: 10.0 0.1 409.0 

 



 

A.3 

Table A.6. Stainless Steel Type 304/304L (for fuel tubes) 
SAR values 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

70 7.56 0.111 499.4 
100 8.76   
200 9.36 0.124  
400 10.44 0.130  
600 11.28 0.134  
800 12.24 0.140  

1000 13.2  499.4 
COBRA-SFS input—selected conservative representative values at nominal operating 
temperature and above 

all 10.44 0.13 499.4 
 
 

Table A.7. Poison Plates (borated aluminum or boron carbide/aluminum matrix) 
SAR values 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

68 69.36 0.214 169.3 
212 83.76   
482 86.64   
571 86.64 0.214 169.3 

COBRA-SFS input—selected conservative values based on range of allowable fabrication 
variations, as described for cask specifications in SAR. 

all 41.72 0.214 165.9 
 
 

Table A.8. Aluminum Type 6060 (for basket support rails and shims) 
SAR values 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

70 96.12 0.218 165.9 
100 96.96 0.219  
150 98.04 0.223  
200 99 0.225  
250 99.84 0.228  
300 100.56 0.23  
350 101.28 0.233  
400 101.88 0.234 165.9 

COBRA-SFS input—selected conservative representative values at nominal operating 
temperature and above. 

all 99.84 0.228 165.9 
 



 

A.4 

Table A.9. Carbon Steel SA-516 Grade 70 (for inner and outer gamma shield and lid) 
SAR values 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

70 22.92 0.109 483.8 
200 23.76 0.118  
400 23.88 0.129  
600 22.92 0.139  
800 21.6 0.152  

1000 20.16 0.169  
1200 18.24 0.206  
1400 15.48 0.184 483.8 

COBRA-SFS input—selected conservative representative values at nominal operating temperature 
and above. 

all 22.92 0.129 483.8 
 

Table A.10. Neutron Shield (polyester resin with aluminum boxes) 
SAR values—properties are composite values for polyester resin and aluminum boxes 
modeled as single homogeneous material. 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

all 0.0996 0.311 98.5 
COBRA-SFS input—selected conservative representative values at nominal operating 
temperature and above. 

borated polyester 4.34 0.311 98.5 
aluminum 84.00 0.228 165.9 

 
 

Table A.11. Carbon Steel SA-350 grade LF3 (for cask outer shell) 
SAR values 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

70 23.64 0.106 489.0 
100 23.88 0.11  
200 24.36 0.118  
400 24.24 0.128  
600 23.16 0.137  
800 21.72 0.149  

1000 20.04 0.165  
1200 18.24 0.189  
1400 15.36 0.406 489.0 

COBRA-SFS input—typical values for carbon steel at nominal operating temperature and 
above, based on range of allowable fabrication variations described for cask specifications 
in SAR. 

all 22.92 0.118 483.8 
 



 

A.5 

Table A.12. Impact Limiters (wood covered with sheet steel) 
SAR values—none provided; SAR analyses assume impact limiters act as perfect insulators on 
cask ends for normal, off-normal, and fire accident conditions. 
COBRA-SFS input—selected conservative representative values at nominal operating 
temperature and above. 

Material 
Thermal Conductivity 

(Btu/hr-ft-°F) 
Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

redwood 0.064 0.311 98.5 
balsa 0.053 0.228 165.9 
carbon steel 22.92 0.118 483.8 
charcoal 0.00735 1020.0 134.8 

 
 

Table A.13. Air (replacing neutron shield polyethylene after fire) 
SAR values 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-ft-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/ft3) 

81 0.0156 0.231 0.0734 
261 0.0192 0.237 0.0551 
441 0.0228 0.239 0.0440 
621 0.0264 0.246 0.0367 
981 0.0336 0.264 0.0275 

COBRA-SFS input—selected representative values at immediate post-fire temperature and 
above. 

all 0.03 0.26 0.0270 
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Material Properties for ANSYS Model of HI-STAR 100 Package 
 



 

 B.1 

Table B.14. Homogeneous Fuel Region for Westinghouse 17x17 OFA 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(z) 
Density 

(lbm/in3)
Specific Heat 
(Btu/lbm-°F) Description 

0 0.04412 0.04412 0.06256 0.14353 0.05869 
100 0.04412 0.04412 0.06256 0.14353 0.05869 
200 0.04412 0.04412 0.06256 0.14352 0.05869 
300 0.05078 0.05078 0.06509 0.14352 0.05869 
400 0.05895 0.05895 0.06797 0.14352 0.05869 
500 0.06837 0.06837 0.07082 0.14352 0.05869 
600 0.07834 0.07834 0.07391 0.14352 0.05869 
700 0.08920 0.08920 0.07756 0.14352 0.05869 
800 0.09508 0.09508 0.08121 0.15352 0.05869 
900 0.09508 0.09508 0.08484 0.15352 0.05869 

1000 0.09508 0.09508 0.08600 0.15352 0.05869 

Fuel Region 
(2.25 multiplier against 
helium contribution to 

account for limited 
convection and 
pressurization 
enhancement) 

 
 

Table B.15. Alloy-X 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

200 0.70000 * * 
450 0.81667 * * 
700 0.91667 * * 

1400 1.19670 * * 

0.28993 0.12000 

Basket Plates, Basket 
Supports, Boral Plate 
Sheathing, MPC shell, 

impact limiter skin shell 
 

Table B.16. Helium 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

0 0.00650 * * 6.90E-06 
200 0.00808 * * 4.81E-06 
400 0.00958 * * 3.69E-06 
600 0.01075 * * 2.99E-06 
800 0.01150 * * 2.52E-06 

1400 0.01370 * * 1.71E-06 

1.24000 gas conduction between 
MPC and cask 

 
Table B.17. Helium (2.25 multiplier to account for limited convection and pressurization 

enhancement) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

0 0.01400 * * 6.90E-06 
200 0.01740 * * 4.81E-06 
400 0.02063 * * 3.69E-06 
600 0.02315 * * 2.99E-06 
800 0.02476 * * 2.52E-06 

1400 0.02950 * * 1.71E-06 

1.24000 

Conduction in: central 
core region, between 

guide tubes and basket 
plates, between fuel 

and compartments, and 
between basket and 

MPC Shell 



 

B.2 

Table B.18. Boral Plates (includes 0.004” helium gap and gap radiation on both sides of Boral) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

0 0.30836 4.62020 4.62020 0.08390 
100 0.34331 4.62550 4.62550 0.08390 
200 0.37738 4.64850 4.64850 0.08390 
300 0.40969 4.69040 4.69040 0.08390 
400 0.44166 4.73250 4.73250 0.08390 
500 0.46611 4.74620 4.74620 0.08390 
600 0.49024 4.75200 4.75200 0.08390 
700 0.50544 4.73700 4.73700 0.08390 
800 0.52053 4.72210 4.72210 0.08390 
900 0.53517 4.70710 4.70710 0.08390 

1000 0.54970 4.69220 4.69220 0.08390 
1100 0.56438 4.68350 4.68350 0.08390 

0.24762 
parallel to thickness 

(switch x & y to 
define cross-width) 

 
Table B.19. Carbon Steel (SA-516, Gr. 70) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(radial) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(circumferential) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(axial) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

200 0.17409 2.03330 2.03330 
450 0.22634 1.99170 1.99170 
700 0.28273 1.86670 1.86670 

1400 0.44136 1.46670 1.46670 

0.28299 0.10000 
Gamma Shield with 

0.01” air gaps between 
plates 

 
Table B.20. Carbon Steel (SA-515, Gr. 70) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

200 2.43330 * * 
450 2.25830 * * 
700 2.05000 * * 

1400 1.46670 * * 

0.28299 0.10000 
For radial channels of 

overpack and enclosure of 
shells of overpack (Fins) 

 
Table B.21. Holtite-A 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 

(Btu/hr-in-°F) (z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

* 0.03108 * * 0.06076 0.39000 Neutron Shield/In 
impact limiter 

 
Table B.22. HT-870 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(y) 

Thermal Conductivity 
(Btu/hr-in-°F) 

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

* 0.00340 * * 0.00868 0.39000 Foam on back 
side of fins 
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Table B.23. Air Properties Representing Degraded Materials 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

200 0.00148 * * 3.48E-05 0.24110 
450 0.00188 * * 2.53E-05 0.24605 
700 0.00227 * * 1.99E-05 0.25355 
1400 0.00336 * * 1.31E-05 0.27445 

For degraded Holtite-
A, HT-870, and 

Honeycomb after fire 

 
Table B.24. One-Quarter-Inch Fillet Weld - Carbon Steel (SA-515, Gr. 70) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

200 1.21670 2.43330 2.43330 
450 1.12920 2.25830 2.25830 
700 1.02500 2.05000 2.05000 

1400 0.73333 1.46670 1.46670 

0.28299 0.10000 
Reduced radial channel 
conductivity (Fin Fillet 

Weld Root) 

 
Table B.25. Carbon Steel (SA-516, Gr. 70) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

200 2.03330 * * 
450 1.99170 * * 
700 1.86670 * * 

1400 1.46670 * * 

0.28299 0.10000 
Gamma Shield (intimate 

contact) and impact limiter 
base structure 

 
 

Table B.26. Aluminum Honeycomb (700 psi unidirectional w/1700 psi cross-core backing) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal Conductivity 
(Btu/hr-in-°F) 

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

68 1.11710 0.47427 1.11710 0.01406 
212 1.15270 0.48944 1.15270 0.01406 
752 1.42620 0.59537 1.42620 0.01406 

1400 1.75440 0.72248 1.75440 0.01406 

0.20800 
(assumed) 

Type 1:  Aluminum 
Honeycomb 

 
 

Table B.27. Aluminum Honeycomb (700 psi unidirectional and 2300 psi cross-core) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

68 0.82721 0.31682 0.82721 0.00579 
212 0.85369 0.32693 0.85369 0.00579 
752 1.03810 0.39771 1.03810 0.00579 

1400 1.25940 0.48265 1.25940 0.00579 

0.20800 
(assumed) 

Type 2&5:  Aluminum 
Honeycomb 
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Table B.28. Aluminum Honeycomb (2300 psi cross-core) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

68 1.40690 0.63172 1.40690 0.01684 
212 1.45170 0.65194 1.45170 0.01684 
752 1.81430 0.79302 1.81430 0.01684 

1400 2.24930 0.96231 2.24930 0.01684 

0.20800 
(assumed) 

Type 3:  Aluminum 
Honeycomb 

 
 

Table B.29. Aluminum Honeycomb (1100 psi unidirectional and 2300 psi cross-core) 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

(x) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(y) 

Thermal 
Conductivity 
(Btu/hr-in-°F)

(z) 
Density 

(lbm/in3) 
Specific Heat 
(Btu/lbm-°F) Description 

68 1.40690 0.63172 1.40690 1.40630 
212 1.45170 0.65194 1.45170 1.40630 
752 1.81430 0.79302 1.81430 1.40630 

1400 2.24930 0.96231 2.24930 1.40630 

0.20800 
(assumed) 

Type 4:  Aluminum 
Honeycomb 

 
 

Table B.30. Emissivity Values for Radiation Heat Transfer 
Component Material Emissivity 

Fuel Zircaloy 0.80 
Basket Alloy-X 0.36 
Support Bracket Alloy-X 0.36 
MPC Wall Alloy-X 0.36 
Borated Aluminum Plate Boral 0.55 
Bare Carbon Steel Carbon Steel 0.65 
Painted Surfaces  0.90 
Cask and Impact Limiter Surfaces Alloy-X 0.36 
Tunnel Surface  0.90 
Soot Surfaces  0.90 

 

 

 

 

 

 

 



 

 

 



 

 

 
 
 
 
 
 
 

Appendix C 

Material Properties for ANSYS Model of  
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Table C.1. 304 Stainless Steel 
Temperature 

(°F) 
Thermal Conductivity 

(Btu/hr-in-°F) Density (lbm/in3)
Specific Heat 
(Btu/lbm-°F) Description 

70 0.7143 - 0.1141 
212 0.7800 0.2888 0.1207 
392 0.8592 0.2872 0.1272 
572 0.9333 0.2855 0.1320 
752 1.0042 0.2839 0.1356 
932 1.0717 0.2822 0.1385 

1112 1.1375 0.2805 0.1412 

Used for cask 
body, cask lid, 

spokes 

 
Table C.2. 6061-T6 Aluminum 

Temperature 
(°F) 

Thermal Conductivity 
(Btu/hr-in-°F) Density (lbm/in3)

Specific Heat 
(Btu/lbm-°F) Description 

32 9.7500 
212 9.9167 
572 11.0833 
932 12.9167 

0.0984 0.2140 Used for basket, 
IL 1, 2 skin 

 
Table C.3. 6061-T6 Aluminum Honeycomb 

Temperature 
(°F) 

Thermal Conductivity
(Btu/hr-in-°F) Density (lbm/in3)

Specific Heat 
(Btu/lbm-°F) Description 

32 1.6965 
212 1.7255 
572 1.9285 
932 2.2475 

0.017118056 0.214 Used for IL 1 
(Honeycomb) 

 
 

Table C.4. 6061-T6 Aluminum Honeycomb 
Temperature 

(°F) 
Thermal Conductivity

(Btu/hr-in-°F) Density (lbm/in3)
Specific Heat 
(Btu/lbm-°F) Description 

32 1.4235 
212 1.4478 
572 1.6182 
932 1.8858 

0.0144 0.214 Used for IL 2 
(Honeycomb) 

 
Table C.5. Helium 

Temperature 
(°F) 

Thermal Conductivity
(Btu/hr-in-°F) Density (lbm/in3)

Specific Heat 
(Btu/lbm-°F) Description 

200 0.00808 4.83E-06 
400 0.00942 3.70E-06 
600 0.01075 3.01E-06 
800 0.0115 2.52E-06 

1.24 Used for cask gap 
and fuel gap 
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Table C.6. Chemical Copper Lead 
Temperature 

(°F) 
Thermal Conductivity

(Btu/hr-in-°F) Density (lbm/in3)
Specific Heat 
(Btu/lbm-°F) Description 

68 1.6651 
209 1.6308 
400 1.526 
499 1.4111 
581 1.2096 
630 1.0079 

0.3 0.06 Used for lead 
regions 

 
 

Table C.7. 56% Ethylene Glycol Solution 
Avg. 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/in3) 

50 0.0188 0.7405 0.0391 
70 0.0187 0.7522 0.0389 

100 0.0185 0.7696 0.0385 
150 0.0182 0.7979 0.0378 
200 0.0179 0.8255 0.0370 
250 0.0177 0.8522 0.0362 
260 0.0176 0.8575 0.0360 
270 0.0176 0.8627 0.0358 
280 0.0175 0.8679 0.0357 
290 0.0175 0.8731 0.0355 
300 0.0174 0.8782 0.0353 
310 0.0174 0.8833 0.0351 
320 0.0173 0.8884 0.0349 
330 0.0173 0.8934 0.0347 
340 0.0172 0.8984 0.0345 
350 0.0172 0.9034 0.0343 

 
Table C.8. Air 

Avg. 
Temperature 

(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/in3) 

350 0.0017 0.2467 0.0000283 
450 0.0018 0.2494 0.0000252 
550 0.0020 0.2516 0.0000227 
650 0.0022 0.2533 0.0000206 
750 0.0023 0.2546 0.0000189 
850 0.0025 0.2556 0.0000175 
950 0.0026 0.2562 0.0000162 

1050 0.0027 0.2566 0.0000152 
1150 0.0029 0.2568 0.0000142 



 

 C.3 

Table C.8. Air 
Avg. 

Temperature 
(°F) 

Thermal 
Conductivity 
(Btu/hr-in-°F) 

Specific Heat 
(Btu/lbm-°F) 

Density 
(lbm/in3) 

1250 0.0030 0.2570 0.0000134 
1350 0.0031 0.2571 0.0000126 
1450 0.0033 0.2571 0.0000120 
1550 0.0034 0.2573 0.0000114 
1650 0.0035 0.2576 0.0000108 
1750 0.0036 0.2581 0.0000104 
1850 0.0038 0.2589 0.0000099 
1950 0.0039 0.2599 0.0000095 
2050 0.0040 0.2614 0.0000091 

 
 
Table C.9. Effective Conductivity for Liquid Neutron Shield with 1°F Temperature Gradient 

56% Ethylene Glycol Air 
Avg. 

Temperature 
(°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 
250 0.364 0.149 0.003 0.002 
260 0.374 0.153 0.003 0.002 
270 0.384 0.157 0.003 0.002 
280 0.393 0.161 0.003 0.002 
290 0.398 0.163 0.003 0.002 
300 0.396 0.162 0.003 0.002 
310 0.395 0.162 0.003 0.002 
320 0.394 0.161 0.003 0.002 
330 0.393 0.161 0.003 0.002 
340 0.391 0.160 0.003 0.002 
350 0.390 0.160 0.003 0.002 
351 * * 0.003 0.002 
400 * * 0.003 0.002 
500 * * 0.003 0.002 
600 * * 0.003 0.002 
700 * * 0.003 0.002 
800 * * 0.003 0.002 

1000 * * 0.003 0.003 
1200 * * 0.003 0.003 
1500 * * 0.003 0.003 
2000 * * 0.004 0.004 
2500 * * 0.004 0.004 

 
 
 
 
 
 
 
 

    



 

 C.4 

Table C.10. Effective Conductivity for Liquid Neutron Shield with 10°F Temperature Gradient 
56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 
250 0.654 0.268 0.006 0.002 
260 0.673 0.276 0.006 0.002 
270 0.691 0.283 0.006 0.002 
280 0.704 0.288 0.006 0.002 
290 0.705 0.289 0.006 0.002 
300 0.703 0.288 0.006 0.002 
310 0.701 0.287 0.006 0.002 
320 0.699 0.286 0.006 0.002 
330 0.697 0.286 0.006 0.002 
340 0.695 0.285 0.006 0.002 
350 * * 0.006 0.002 
351 * * 0.006 0.002 
400 * * 0.006 0.002 
500 * * 0.006 0.002 
600 * * 0.005 0.002 
700 * * 0.005 0.002 
800 * * 0.005 0.002 

1000 * * 0.005 0.003 
1200 * * 0.005 0.003 
1500 * * 0.004 0.003 
2000 * * 0.004 0.004 
2500 * * 0.004 0.004 

 
 



 

 C.5 

Table C.11. Effective Conductivity for Liquid Neutron Shield with 25°F Temperature Gradient 
56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 
250 0.840 0.344 0.008 0.003 
260 0.863 0.353 0.008 0.003 
270 0.882 0.361 0.008 0.003 
280 0.888 0.364 0.008 0.003 
290 0.885 0.363 0.007 0.003 
300 0.883 0.361 0.007 0.003 
310 0.880 0.360 0.007 0.003 
320 0.877 0.359 0.007 0.003 
330 0.875 0.358 0.007 0.003 
340 0.872 0.357 0.007 0.003 
350 * * 0.007 0.003 
351 * * 0.007 0.003 
400 * * 0.007 0.003 
500 * * 0.007 0.003 
600 * * 0.007 0.003 
700 * * 0.007 0.003 
800 * * 0.006 0.003 

1000 * * 0.006 0.003 
1200 * * 0.006 0.003 
1500 * * 0.005 0.003 
2000 * * 0.005 0.004 
2500 * * 0.005 0.004 

 



 

 C.6 

Table C.12. Effective Conductivity for Liquid Neutron Shield with 50°F Temperature Gradient 
56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 

Effective 
Conductivity Neutron 
Shield (Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 
250 1.061 0.434 0.009 0.004 
260 1.058 0.433 0.009 0.004 
270 1.055 0.432 0.009 0.004 
280 1.052 0.431 0.009 0.004 
290 1.049 0.430 0.009 0.004 
300 1.046 0.428 0.009 0.004 
310 1.043 0.427 0.009 0.004 
320 1.039 0.426 0.009 0.004 
330 * * 0.009 0.004 
340 * * 0.009 0.004 
350 * * 0.009 0.004 
351 * * 0.009 0.004 
400 * * 0.009 0.003 
500 * * 0.008 0.003 
600 * * 0.008 0.003 
700 * * 0.008 0.003 
800 * * 0.008 0.003 

1000 * * 0.007 0.003 
1200 * * 0.007 0.003 
1500 * * 0.006 0.003 
2000 * * 0.006 0.004 
2500 * * 0.006 0.004 

 



 

 C.7 

Table C.13. Effective Conductivity for Liquid Neutron Shield with 70°F Temperature Gradient 
56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 
250 1.151 0.471 0.010 0.004 
260 1.148 0.470 0.010 0.004 
270 1.144 0.469 0.010 0.004 
280 1.141 0.467 0.010 0.004 
290 1.138 0.466 0.010 0.004 
300 1.134 0.464 0.010 0.004 
310 1.131 0.463 0.010 0.004 
320 * * 0.010 0.004 
330 * * 0.010 0.004 
340 * * 0.009 0.004 
350 * * 0.009 0.004 
351 * * 0.009 0.004 
400 * * 0.009 0.004 
500 * * 0.009 0.004 
600 * * 0.009 0.004 
700 * * 0.008 0.003 
800 * * 0.008 0.003 

1000 * * 0.008 0.003 
1200 * * 0.007 0.003 
1500 * * 0.007 0.003 
2000 * * 0.006 0.004 
2500 * * 0.006 0.004 

 



 

 C.8 

Table C.14. Effective Conductivity for Liquid Neutron Shield with 100°F Temperature Gradient
56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 

Effective Conductivity 
Neutron Shield 
(Btu/hr-in-°F) 

Effective Conductivity 
Expansion Tank 

(Btu/hr-in-°F) 
250 1.253 0.513 0.011 0.004 
260 1.249 0.512 0.011 0.004 
270 1.245 0.510 0.011 0.004 
280 1.242 0.509 0.011 0.004 
290 1.238 0.507 0.011 0.004 
300 1.234 0.505 0.011 0.004 
310 * * 0.010 0.004 
320 * * 0.010 0.004 
330 * * 0.010 0.004 
340 * * 0.010 0.004 
350 * * 0.010 0.004 
351 * * 0.010 0.004 
400 * * 0.010 0.004 
500 * * 0.010 0.004 
600 * * 0.009 0.004 
700 * * 0.009 0.004 
800 * * 0.009 0.004 

1000 * * 0.008 0.003 
1200 * * 0.008 0.003 
1500 * * 0.008 0.003 
2000 * * 0.007 0.004 
2500 * * 0.007 0.004 

 



 

 C.9 

Table C.15. Effective Conductivity for Liquid Neutron Shield with 200°F Temperature 
Gradient 

56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective 
Conductivity 

Neutron Shield 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Expansion Tank 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Neutron Shield 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Expansion Tank 
(Btu/hr-in-°F) 

250 1.468 0.601 0.013 0.005 
260 * * 0.013 0.005 
270 * * 0.013 0.005 
280 * * 0.013 0.005 
290 * * 0.013 0.005 
300 * * 0.012 0.005 
310 * * 0.012 0.005 
320 * * 0.012 0.005 
330 * * 0.012 0.005 
340 * * 0.012 0.005 
350 * * 0.012 0.005 
351 * * 0.012 0.005 
400 * * 0.012 0.005 
500 * * 0.012 0.005 
600 * * 0.011 0.004 
700 * * 0.011 0.004 
800 * * 0.011 0.004 

1000 * * 0.010 0.004 
1200 * * 0.010 0.004 
1500 * * 0.009 0.004 
2000 * * 0.008 0.004 
2500 * * 0.008 0.005 

 



 

 C.10 

Table C.16. Effective Conductivity for Liquid Neutron Shield with 300°F Temperature 
Gradient 

56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective 
Conductivity 

Neutron Shield 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Expansion Tank 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Neutron Shield 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Expansion Tank 
(Btu/hr-in-°F) 

250 * * 0.014 0.005 
260 * * 0.014 0.005 
270 * * 0.014 0.005 
280 * * 0.014 0.005 
290 * * 0.014 0.005 
300 * * 0.014 0.005 
310 * * 0.014 0.005 
320 * * 0.014 0.005 
330 * * 0.014 0.005 
340 * * 0.014 0.005 
350 * * 0.013 0.005 
351 * * 0.013 0.005 
400 * * 0.013 0.005 
500 * * 0.013 0.005 
600 * * 0.012 0.005 
700 * * 0.012 0.005 
800 * * 0.012 0.005 
1000 * * 0.011 0.004 
1200 * * 0.011 0.004 
1500 * * 0.010 0.004 
2000 * * 0.009 0.004 
2500 * * 0.009 0.005 

 



 

 C.11 

Table C.17. Effective Conductivity for Liquid Neutron Shield with 500°F Temperature 
Gradient 

56% Ethylene Glycol Air 

Avg. 
Temperature 

(°F) 

Effective 
Conductivity 

Neutron Shield 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Expansion Tank 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Neutron Shield 
(Btu/hr-in-°F) 

Effective 
Conductivity 

Expansion Tank 
(Btu/hr-in-°F) 

250 * * 0.016 0.006 
260 * * 0.016 0.006 
270 * * 0.016 0.006 
280 * * 0.016 0.006 
290 * * 0.016 0.006 
300 * * 0.015 0.006 
310 * * 0.015 0.006 
320 * * 0.015 0.006 
330 * * 0.015 0.006 
340 * * 0.015 0.006 
350 * * 0.015 0.006 
351 * * 0.015 0.006 
400 * * 0.015 0.006 
500 * * 0.014 0.006 
600 * * 0.014 0.005 
700 * * 0.014 0.005 
800 * * 0.013 0.005 

1000 * * 0.013 0.005 
1200 * * 0.012 0.005 
1500 * * 0.011 0.005 
2000 * * 0.011 0.004 
2500 * * 0.010 0.005 

 
 

Table C.18. Emissivity Values for Radiation Heat Transfer 

Component Material 
Emissivity Before 

Fire 
Emissivity 

During/After Fire 
Canister stainless steel 0.36 0.36 
Cask stainless steel 0.36 0.36 
Outer Neutron Shield  0.34 0.34 
Inner Neutron Shield  0.34 0.34 
Basket stainless steel 0.36 0.36 
Fuel Clad zircaloy 0.8 0.8 
Boral Plate aluminum clad 0.55 0.55 
Shell Interior stainless steel 0.36 0.36 
Cask Exterior  stainless steel 0.85 0.9 
Tunnel/ISO various  0.9 

 



 

 

 
 
 
 
 
 
 
 

Appendix D 

Blackbody Viewfactors for COBRA-SFS Model of TN-68 Package 
 



 

 D.1 

C TUNNEL.1=TOP  TUNNEL.2=SIDE  TUNNEL.3=BOTTOM   
Cnode_1     node_2     Area*e*Bij  $       Bij      Bji 
 CASK.101,  TUNNEL.1,  137.54      $     0.79418,0.00045040 
 CASK.101,  TUNNEL.2,  25.477      $     0.14711,7.5761e-005 
 CASK.101,  TUNNEL.3,  6.3683      $    0.036772,2.1839e-005 
 CASK.102,  TUNNEL.1,  67.819      $     0.39161,0.00022209 
 CASK.102,  TUNNEL.2,  87.635      $     0.50603,0.00026060 
 CASK.102,  TUNNEL.3,  13.723      $    0.079241,4.7061e-005 
 CASK.103,  TUNNEL.1,  12.951      $    0.074781,4.2410e-005 
 CASK.103,  TUNNEL.2,  90.996      $     0.52544,0.00027059 
 CASK.103,  TUNNEL.3,  65.443      $     0.37789,0.00022443 
 CASK.104,  TUNNEL.1,  6.2714      $    0.036213,2.0538e-005 
 CASK.104,  TUNNEL.2,  31.022      $     0.17913,9.2251e-005 
 CASK.104,  TUNNEL.3,  132.32      $     0.76404,0.00045376 
 CASK.201,  TUNNEL.1,  138.22      $     0.79812,0.00045264 
 CASK.201,  TUNNEL.2,  24.978      $     0.14423,7.4277e-005 
 CASK.201,  TUNNEL.3,  6.3135      $    0.036456,2.1651e-005 
 CASK.202,  TUNNEL.1,  68.135      $     0.39343,0.00022313 
 CASK.202,  TUNNEL.2,  87.392      $     0.50463,0.00025988 
 CASK.202,  TUNNEL.3,  13.599      $    0.078527,4.6637e-005 
 CASK.203,  TUNNEL.1,  12.937      $    0.074702,4.2365e-005 
 CASK.203,  TUNNEL.2,  90.689      $     0.52367,0.00026968 
 CASK.203,  TUNNEL.3,  65.701      $     0.37938,0.00022531 
 CASK.204,  TUNNEL.1,  6.1691      $    0.035622,2.0203e-005 
 CASK.204,  TUNNEL.2,  31.104      $     0.17961,9.2494e-005 
 CASK.204,  TUNNEL.3,  132.31      $     0.76399,0.00045373 
 CASK.301,  TUNNEL.1,  137.98      $     0.79676,0.00045187 
 CASK.301,  TUNNEL.2,  25.169      $     0.14533,7.4844e-005 
 CASK.301,  TUNNEL.3,  6.3354      $    0.036583,2.1726e-005 
 CASK.302,  TUNNEL.1,  68.192      $     0.39376,0.00022331 
 CASK.302,  TUNNEL.2,  87.312      $     0.50417,0.00025964 
 CASK.302,  TUNNEL.3,  13.687      $    0.079031,4.6936e-005 
 CASK.303,  TUNNEL.1,  12.880      $    0.074375,4.2180e-005 
 CASK.303,  TUNNEL.2,  91.267      $     0.52700,0.00027140 
 CASK.303,  TUNNEL.3,  65.225      $     0.37663,0.00022368 
 CASK.304,  TUNNEL.1,  6.1435      $    0.035475,2.0119e-005 
 CASK.304,  TUNNEL.2,  31.213      $     0.18024,9.2819e-005 
 CASK.304,  TUNNEL.3,  132.07      $     0.76261,0.00045291 
 CASK.401,  TUNNEL.1,  138.03      $     0.79704,0.00045202 
 CASK.401,  TUNNEL.2,  25.096      $     0.14491,7.4627e-005 
 CASK.401,  TUNNEL.3,  6.3204      $    0.036496,2.1675e-005 
 CASK.402,  TUNNEL.1,  68.295      $     0.39436,0.00022365 
 CASK.402,  TUNNEL.2,  87.210      $     0.50358,0.00025934 
 CASK.402,  TUNNEL.3,  13.632      $    0.078717,4.6750e-005 
 CASK.403,  TUNNEL.1,  13.054      $    0.075376,4.2748e-005 
 CASK.403,  TUNNEL.2,  90.720      $     0.52385,0.00026977 
 CASK.403,  TUNNEL.3,  65.460      $     0.37799,0.00022448 
 CASK.404,  TUNNEL.1,  6.0468      $    0.034916,1.9802e-005 
 CASK.404,  TUNNEL.2,  30.945      $     0.17868,9.2020e-005 
 CASK.404,  TUNNEL.3,  132.46      $     0.76484,0.00045424 
 CASK.501,  TUNNEL.1,  138.12      $     0.79752,0.00045230 
 CASK.501,  TUNNEL.2,  25.031      $     0.14454,7.4434e-005 
 CASK.501,  TUNNEL.3,  6.3279      $    0.036539,2.1701e-005 
 CASK.502,  TUNNEL.1,  68.608      $     0.39616,0.00022468 
 CASK.502,  TUNNEL.2,  86.890      $     0.50173,0.00025838 
 CASK.502,  TUNNEL.3,  13.693      $    0.079069,4.6959e-005 
 CASK.503,  TUNNEL.1,  12.946      $    0.074757,4.2397e-005 
 CASK.503,  TUNNEL.2,  91.115      $     0.52613,0.00027095 
 CASK.503,  TUNNEL.3,  65.179      $     0.37636,0.00022352 
 CASK.504,  TUNNEL.1,  5.9701      $    0.034474,1.9551e-005 
 CASK.504,  TUNNEL.2,  30.931      $     0.17860,9.1979e-005 
 CASK.504,  TUNNEL.3,  132.45      $     0.76480,0.00045422 
 CASK.601,  TUNNEL.1,  138.18      $     0.79788,0.00045250 
 CASK.601,  TUNNEL.2,  24.944      $     0.14403,7.4176e-005 
 CASK.601,  TUNNEL.3,  6.2188      $    0.035909,2.1326e-005 
 CASK.602,  TUNNEL.1,  68.688      $     0.39663,0.00022494 
 CASK.602,  TUNNEL.2,  86.987      $     0.50229,0.00025867 
 CASK.602,  TUNNEL.3,  13.491      $    0.077899,4.6264e-005 
 CASK.603,  TUNNEL.1,  13.037      $    0.075278,4.2692e-005 
 CASK.603,  TUNNEL.2,  91.088      $     0.52597,0.00027087 
 CASK.603,  TUNNEL.3,  65.088      $     0.37584,0.00022321 
 CASK.604,  TUNNEL.1,  5.9256      $    0.034216,1.9405e-005 
 CASK.604,  TUNNEL.2,  31.061      $     0.17936,9.2367e-005 
 CASK.604,  TUNNEL.3,  132.28      $     0.76385,0.00045365 

 CASK.701,  TUNNEL.1,  138.29      $     0.79854,0.00045288 
 CASK.701,  TUNNEL.2,  24.847      $     0.14347,7.3886e-005 
 CASK.701,  TUNNEL.3,  6.2483      $    0.036080,2.1428e-005 
 CASK.702,  TUNNEL.1,  68.225      $     0.39395,0.00022342 
 CASK.702,  TUNNEL.2,  87.042      $     0.50261,0.00025884 
 CASK.702,  TUNNEL.3,  13.824      $    0.079826,4.7408e-005 
 CASK.703,  TUNNEL.1,  13.006      $    0.075103,4.2593e-005 
 CASK.703,  TUNNEL.2,  90.921      $     0.52501,0.00027037 
 CASK.703,  TUNNEL.3,  65.304      $     0.37709,0.00022395 
 CASK.704,  TUNNEL.1,  5.8582      $    0.033827,1.9184e-005 
 CASK.704,  TUNNEL.2,  31.026      $     0.17916,9.2263e-005 
 CASK.704,  TUNNEL.3,  132.40      $     0.76454,0.00045406 
 CASK.801,  TUNNEL.1,  138.10      $     0.79744,0.00045225 
 CASK.801,  TUNNEL.2,  25.102      $     0.14495,7.4647e-005 
 CASK.801,  TUNNEL.3,  6.2315      $    0.035983,2.1370e-005 
 CASK.802,  TUNNEL.1,  67.889      $     0.39201,0.00022232 
 CASK.802,  TUNNEL.2,  87.307      $     0.50414,0.00025963 
 CASK.802,  TUNNEL.3,  13.869      $    0.080083,4.7561e-005 
 CASK.803,  TUNNEL.1,  12.847      $    0.074182,4.2071e-005 
 CASK.803,  TUNNEL.2,  90.805      $     0.52434,0.00027003 
 CASK.803,  TUNNEL.3,  65.535      $     0.37842,0.00022474 
 CASK.804,  TUNNEL.1,  5.7617      $    0.033270,1.8868e-005 
 CASK.804,  TUNNEL.2,  31.064      $     0.17937,9.2374e-005 
 CASK.804,  TUNNEL.3,  132.36      $     0.76430,0.00045391 
 CASK.901,  TUNNEL.1,  138.13      $     0.79764,0.00045236 
 CASK.901,  TUNNEL.2,  25.128      $     0.14510,7.4724e-005 
 CASK.901,  TUNNEL.3,  6.2207      $    0.035921,2.1333e-005 
 CASK.902,  TUNNEL.1,  68.091      $     0.39318,0.00022298 
 CASK.902,  TUNNEL.2,  87.277      $     0.50396,0.00025953 
 CASK.902,  TUNNEL.3,  13.700      $    0.079107,4.6981e-005 
 CASK.903,  TUNNEL.1,  12.952      $    0.074789,4.2415e-005 
 CASK.903,  TUNNEL.2,  90.982      $     0.52536,0.00027055 
 CASK.903,  TUNNEL.3,  65.132      $     0.37609,0.00022336 
 CASK.904,  TUNNEL.1,  5.7522      $    0.033215,1.8837e-005 
 CASK.904,  TUNNEL.2,  31.124      $     0.17972,9.2553e-005 
 CASK.904,  TUNNEL.3,  132.31      $     0.76400,0.00045374 
CASK.1001,  TUNNEL.1,  137.84      $     0.79593,0.00045139 
CASK.1001,  TUNNEL.2,  25.412      $     0.14674,7.5569e-005 
CASK.1001,  TUNNEL.3,  6.2311      $    0.035981,2.1369e-005 
CASK.1002,  TUNNEL.1,  68.564      $     0.39591,0.00022453 
CASK.1002,  TUNNEL.2,  86.856      $     0.50153,0.00025828 
CASK.1002,  TUNNEL.3,  13.655      $    0.078849,4.6828e-005 
CASK.1003,  TUNNEL.1,  12.716      $    0.073426,4.1642e-005 
CASK.1003,  TUNNEL.2,  90.924      $     0.52502,0.00027038 
CASK.1003,  TUNNEL.3,  65.500      $     0.37822,0.00022462 
CASK.1004,  TUNNEL.1,  5.6573      $    0.032667,1.8526e-005 
CASK.1004,  TUNNEL.2,  31.197      $     0.18014,9.2770e-005 
CASK.1004,  TUNNEL.3,  132.27      $     0.76378,0.00045361 
CASK.1101,  TUNNEL.1,  138.17      $     0.79782,0.00045247 
CASK.1101,  TUNNEL.2,  25.006      $     0.14440,7.4362e-005 
CASK.1101,  TUNNEL.3,  6.1872      $    0.035727,2.1218e-005 
CASK.1102,  TUNNEL.1,  68.446      $     0.39523,0.00022415 
CASK.1102,  TUNNEL.2,  87.049      $     0.50265,0.00025886 
CASK.1102,  TUNNEL.3,  13.505      $    0.077980,4.6312e-005 
CASK.1103,  TUNNEL.1,  12.985      $    0.074982,4.2524e-005 
CASK.1103,  TUNNEL.2,  91.145      $     0.52630,0.00027104 
CASK.1103,  TUNNEL.3,  65.061      $     0.37568,0.00022312 
CASK.1104,  TUNNEL.1,  5.6898      $    0.032855,1.8633e-005 
CASK.1104,  TUNNEL.2,  30.943      $     0.17868,9.2016e-005 
CASK.1104,  TUNNEL.3,  132.40      $     0.76453,0.00045405 
CASK.1201,  TUNNEL.1,  137.88      $     0.79616,0.00045153 
CASK.1201,  TUNNEL.2,  25.412      $     0.14674,7.5567e-005 
CASK.1201,  TUNNEL.3,  6.1750      $    0.035657,2.1176e-005 
CASK.1202,  TUNNEL.1,  67.908      $     0.39212,0.00022238 
CASK.1202,  TUNNEL.2,  87.439      $     0.50490,0.00026002 
CASK.1202,  TUNNEL.3,  13.717      $    0.079208,4.7041e-005 
CASK.1203,  TUNNEL.1,  12.998      $    0.075055,4.2566e-005 
CASK.1203,  TUNNEL.2,  90.706      $     0.52377,0.00026973 
CASK.1203,  TUNNEL.3,  65.409      $     0.37769,0.00022431 
CASK.1204,  TUNNEL.1,  5.5919      $    0.032289,1.8312e-005 
CASK.1204,  TUNNEL.2,  31.129      $     0.17975,9.2567e-005 
CASK.1204,  TUNNEL.3,  132.27      $     0.76380,0.00045362 
CASK.1301,  TUNNEL.1,  138.25      $     0.79830,0.00045274 
CASK.1301,  TUNNEL.2,  24.993      $     0.14432,7.4320e-005 



 

 D.2 

CASK.1301,  TUNNEL.3,  6.1782      $    0.035675,2.1187e-005 
CASK.1302,  TUNNEL.1,  68.155      $     0.39355,0.00022319 
CASK.1302,  TUNNEL.2,  87.155      $     0.50326,0.00025917 
CASK.1302,  TUNNEL.3,  13.671      $    0.078943,4.6884e-005 
CASK.1303,  TUNNEL.1,  12.737      $    0.073546,4.1710e-005 
CASK.1303,  TUNNEL.2,  91.130      $     0.52622,0.00027099 
CASK.1303,  TUNNEL.3,  65.245      $     0.37674,0.00022375 
CASK.1304,  TUNNEL.1,  5.6600      $    0.032683,1.8535e-005 
CASK.1304,  TUNNEL.2,  31.047      $     0.17928,9.2325e-005 
CASK.1304,  TUNNEL.3,  132.30      $     0.76396,0.00045372 
CASK.1401,  TUNNEL.1,  138.04      $     0.79707,0.00045204 
CASK.1401,  TUNNEL.2,  25.121      $     0.14506,7.4703e-005 
CASK.1401,  TUNNEL.3,  6.2019      $    0.035812,2.1269e-005 
CASK.1402,  TUNNEL.1,  68.195      $     0.39378,0.00022332 
CASK.1402,  TUNNEL.2,  87.073      $     0.50279,0.00025893 
CASK.1402,  TUNNEL.3,  13.807      $    0.079729,4.7351e-005 
CASK.1403,  TUNNEL.1,  12.669      $    0.073153,4.1487e-005 
CASK.1403,  TUNNEL.2,  91.365      $     0.52757,0.00027169 
CASK.1403,  TUNNEL.3,  65.069      $     0.37573,0.00022314 
CASK.1404,  TUNNEL.1,  5.5888      $    0.032272,1.8302e-005 
CASK.1404,  TUNNEL.2,  31.163      $     0.17994,9.2668e-005 
CASK.1404,  TUNNEL.3,  132.22      $     0.76345,0.00045341 
CASK.1501,  TUNNEL.1,  138.17      $     0.79785,0.00045249 
CASK.1501,  TUNNEL.2,  25.075      $     0.14479,7.4565e-005 
CASK.1501,  TUNNEL.3,  6.1911      $    0.035749,2.1231e-005 
CASK.1502,  TUNNEL.1,  68.139      $     0.39346,0.00022314 
CASK.1502,  TUNNEL.2,  87.197      $     0.50350,0.00025930 
CASK.1502,  TUNNEL.3,  13.646      $    0.078797,4.6798e-005 
CASK.1503,  TUNNEL.1,  12.784      $    0.073818,4.1864e-005 
CASK.1503,  TUNNEL.2,  91.009      $     0.52552,0.00027063 
CASK.1503,  TUNNEL.3,  65.230      $     0.37666,0.00022370 
CASK.1504,  TUNNEL.1,  5.6144      $    0.032419,1.8386e-005 
CASK.1504,  TUNNEL.2,  31.011      $     0.17907,9.2217e-005 
CASK.1504,  TUNNEL.3,  132.37      $     0.76434,0.00045394 
CASK.1601,  TUNNEL.1,  138.38      $     0.79906,0.00045317 
CASK.1601,  TUNNEL.2,  24.861      $     0.14355,7.3928e-005 
CASK.1601,  TUNNEL.3,  6.1468      $    0.035493,2.1079e-005 
CASK.1602,  TUNNEL.1,  68.267      $     0.39420,0.00022356 
CASK.1602,  TUNNEL.2,  87.153      $     0.50325,0.00025917 
CASK.1602,  TUNNEL.3,  13.587      $    0.078457,4.6595e-005 
CASK.1603,  TUNNEL.1,  12.646      $    0.073025,4.1414e-005 
CASK.1603,  TUNNEL.2,  90.521      $     0.52270,0.00026918 
CASK.1603,  TUNNEL.3,  65.886      $     0.38045,0.00022595 
CASK.1604,  TUNNEL.1,  5.5843      $    0.032245,1.8287e-005 
CASK.1604,  TUNNEL.2,  30.824      $     0.17799,9.1661e-005 
CASK.1604,  TUNNEL.3,  132.56      $     0.76547,0.00045461 
CASK.1701,  TUNNEL.1,  137.89      $     0.79623,0.00045156 
CASK.1701,  TUNNEL.2,  25.339      $     0.14632,7.5351e-005 
CASK.1701,  TUNNEL.3,  6.1499      $    0.035511,2.1090e-005 
CASK.1702,  TUNNEL.1,  68.793      $     0.39723,0.00022528 
CASK.1702,  TUNNEL.2,  86.707      $     0.50067,0.00025784 
CASK.1702,  TUNNEL.3,  13.529      $    0.078123,4.6397e-005 
CASK.1703,  TUNNEL.1,  12.704      $    0.073359,4.1604e-005 
CASK.1703,  TUNNEL.2,  91.173      $     0.52646,0.00027112 
CASK.1703,  TUNNEL.3,  65.193      $     0.37645,0.00022357 
CASK.1704,  TUNNEL.1,  5.5697      $    0.032161,1.8240e-005 
CASK.1704,  TUNNEL.2,  31.366      $     0.18112,9.3274e-005 
CASK.1704,  TUNNEL.3,  132.07      $     0.76260,0.00045290 
CASK.1801,  TUNNEL.1,  138.30      $     0.79856,0.00045289 
CASK.1801,  TUNNEL.2,  24.981      $     0.14425,7.4286e-005 
CASK.1801,  TUNNEL.3,  6.1334      $    0.035416,2.1034e-005 
CASK.1802,  TUNNEL.1,  68.068      $     0.39304,0.00022291 
CASK.1802,  TUNNEL.2,  87.271      $     0.50393,0.00025952 
CASK.1802,  TUNNEL.3,  13.649      $    0.078815,4.6808e-005 
CASK.1803,  TUNNEL.1,  12.694      $    0.073297,4.1569e-005 
CASK.1803,  TUNNEL.2,  91.352      $     0.52750,0.00027165 
CASK.1803,  TUNNEL.3,  65.097      $     0.37589,0.00022324 
CASK.1804,  TUNNEL.1,  5.5500      $    0.032047,1.8175e-005 
CASK.1804,  TUNNEL.2,  31.344      $     0.18099,9.3208e-005 
CASK.1804,  TUNNEL.3,  132.06      $     0.76255,0.00045287 
CASK.1901,  TUNNEL.1,  138.28      $     0.79848,0.00045284 
CASK.1901,  TUNNEL.2,  24.841      $     0.14344,7.3870e-005 
CASK.1901,  TUNNEL.3,  6.1732      $    0.035646,2.1170e-005 
CASK.1902,  TUNNEL.1,  68.778      $     0.39714,0.00022523 
CASK.1902,  TUNNEL.2,  86.557      $     0.49981,0.00025739 

CASK.1902,  TUNNEL.3,  13.637      $    0.078746,4.6767e-005 
CASK.1903,  TUNNEL.1,  12.841      $    0.074146,4.2051e-005 
CASK.1903,  TUNNEL.2,  91.151      $     0.52633,0.00027105 
CASK.1903,  TUNNEL.3,  65.209      $     0.37654,0.00022362 
CASK.1904,  TUNNEL.1,  5.6276      $    0.032496,1.8429e-005 
CASK.1904,  TUNNEL.2,  30.798      $     0.17784,9.1584e-005 
CASK.1904,  TUNNEL.3,  132.57      $     0.76549,0.00045462 
CASK.2001,  TUNNEL.1,  138.26      $     0.79837,0.00045278 
CASK.2001,  TUNNEL.2,  24.969      $     0.14418,7.4252e-005 
CASK.2001,  TUNNEL.3,  6.1633      $    0.035589,2.1136e-005 
CASK.2002,  TUNNEL.1,  67.893      $     0.39204,0.00022234 
CASK.2002,  TUNNEL.2,  87.430      $     0.50485,0.00025999 
CASK.2002,  TUNNEL.3,  13.778      $    0.079561,4.7251e-005 
CASK.2003,  TUNNEL.1,  12.702      $    0.073347,4.1597e-005 
CASK.2003,  TUNNEL.2,  90.326      $     0.52157,0.00026860 
CASK.2003,  TUNNEL.3,  66.063      $     0.38147,0.00022655 
CASK.2004,  TUNNEL.1,  5.6088      $    0.032387,1.8368e-005 
CASK.2004,  TUNNEL.2,  30.836      $     0.17806,9.1696e-005 
CASK.2004,  TUNNEL.3,  132.54      $     0.76530,0.00045451 
CASK.2101,  TUNNEL.1,  137.99      $     0.79682,0.00045190 
CASK.2101,  TUNNEL.2,  25.223      $     0.14564,7.5005e-005 
CASK.2101,  TUNNEL.3,  6.2208      $    0.035921,2.1333e-005 
CASK.2102,  TUNNEL.1,  68.122      $     0.39336,0.00022308 
CASK.2102,  TUNNEL.2,  87.248      $     0.50380,0.00025945 
CASK.2102,  TUNNEL.3,  13.695      $    0.079082,4.6967e-005 
CASK.2103,  TUNNEL.1,  12.623      $    0.072889,4.1338e-005 
CASK.2103,  TUNNEL.2,  91.084      $     0.52595,0.00027086 
CASK.2103,  TUNNEL.3,  65.444      $     0.37790,0.00022443 
CASK.2104,  TUNNEL.1,  5.6251      $    0.032481,1.8421e-005 
CASK.2104,  TUNNEL.2,  30.935      $     0.17863,9.1992e-005 
CASK.2104,  TUNNEL.3,  132.48      $     0.76497,0.00045431 
CASK.2201,  TUNNEL.1,  138.00      $     0.79686,0.00045192 
CASK.2201,  TUNNEL.2,  25.240      $     0.14575,7.5057e-005 
CASK.2201,  TUNNEL.3,  6.1738      $    0.035650,2.1172e-005 
CASK.2202,  TUNNEL.1,  68.741      $     0.39693,0.00022511 
CASK.2202,  TUNNEL.2,  86.917      $     0.50189,0.00025847 
CASK.2202,  TUNNEL.3,  13.480      $    0.077838,4.6228e-005 
CASK.2203,  TUNNEL.1,  12.900      $    0.074490,4.2246e-005 
CASK.2203,  TUNNEL.2,  91.269      $     0.52702,0.00027141 
CASK.2203,  TUNNEL.3,  64.953      $     0.37506,0.00022275 
CASK.2204,  TUNNEL.1,  5.6790      $    0.032793,1.8598e-005 
CASK.2204,  TUNNEL.2,  30.883      $     0.17833,9.1837e-005 
CASK.2204,  TUNNEL.3,  132.53      $     0.76527,0.00045449 
CASK.2301,  TUNNEL.1,  137.99      $     0.79683,0.00045190 
CASK.2301,  TUNNEL.2,  25.190      $     0.14546,7.4909e-005 
CASK.2301,  TUNNEL.3,  6.2267      $    0.035955,2.1354e-005 
CASK.2302,  TUNNEL.1,  68.414      $     0.39504,0.00022404 
CASK.2302,  TUNNEL.2,  86.942      $     0.50203,0.00025854 
CASK.2302,  TUNNEL.3,  13.674      $    0.078957,4.6892e-005 
CASK.2303,  TUNNEL.1,  12.930      $    0.074664,4.2344e-005 
CASK.2303,  TUNNEL.2,  90.672      $     0.52357,0.00026963 
CASK.2303,  TUNNEL.3,  65.491      $     0.37816,0.00022459 
CASK.2304,  TUNNEL.1,  5.6849      $    0.032826,1.8617e-005 
CASK.2304,  TUNNEL.2,  31.044      $     0.17926,9.2315e-005 
CASK.2304,  TUNNEL.3,  132.32      $     0.76406,0.00045377 
CASK.2401,  TUNNEL.1,  137.91      $     0.79636,0.00045164 
CASK.2401,  TUNNEL.2,  25.207      $     0.14555,7.4957e-005 
CASK.2401,  TUNNEL.3,  6.2003      $    0.035803,2.1263e-005 
CASK.2402,  TUNNEL.1,  68.065      $     0.39303,0.00022290 
CASK.2402,  TUNNEL.2,  87.281      $     0.50399,0.00025955 
CASK.2402,  TUNNEL.3,  13.655      $    0.078847,4.6827e-005 
CASK.2403,  TUNNEL.1,  12.813      $    0.073989,4.1961e-005 
CASK.2403,  TUNNEL.2,  90.843      $     0.52456,0.00027014 
CASK.2403,  TUNNEL.3,  65.521      $     0.37834,0.00022470 
CASK.2404,  TUNNEL.1,  5.7547      $    0.033229,1.8845e-005 
CASK.2404,  TUNNEL.2,  31.095      $     0.17955,9.2466e-005 
CASK.2404,  TUNNEL.3,  132.32      $     0.76405,0.00045377 
CASK.2501,  TUNNEL.1,  138.26      $     0.79836,0.00045277 
CASK.2501,  TUNNEL.2,  25.000      $     0.14436,7.4342e-005 
CASK.2501,  TUNNEL.3,  6.1776      $    0.035672,2.1185e-005 
CASK.2502,  TUNNEL.1,  68.473      $     0.39539,0.00022424 
CASK.2502,  TUNNEL.2,  87.067      $     0.50275,0.00025891 
CASK.2502,  TUNNEL.3,  13.573      $    0.078375,4.6547e-005 
CASK.2503,  TUNNEL.1,  12.768      $    0.073729,4.1814e-005 
CASK.2503,  TUNNEL.2,  91.066      $     0.52584,0.00027080 



 

 D.3 

CASK.2503,  TUNNEL.3,  65.294      $     0.37703,0.00022391 
CASK.2504,  TUNNEL.1,  5.8355      $    0.033696,1.9110e-005 
CASK.2504,  TUNNEL.2,  30.930      $     0.17860,9.1976e-005 
CASK.2504,  TUNNEL.3,  132.43      $     0.76468,0.00045414 
CASK.2601,  TUNNEL.1,  138.10      $     0.79746,0.00045226 
CASK.2601,  TUNNEL.2,  25.102      $     0.14495,7.4647e-005 
CASK.2601,  TUNNEL.3,  6.2378      $    0.036019,2.1392e-005 
CASK.2602,  TUNNEL.1,  68.554      $     0.39585,0.00022450 
CASK.2602,  TUNNEL.2,  86.943      $     0.50203,0.00025854 
CASK.2602,  TUNNEL.3,  13.613      $    0.078605,4.6684e-005 
CASK.2603,  TUNNEL.1,  12.843      $    0.074160,4.2058e-005 
CASK.2603,  TUNNEL.2,  91.332      $     0.52738,0.00027160 
CASK.2603,  TUNNEL.3,  64.991      $     0.37528,0.00022288 
CASK.2604,  TUNNEL.1,  5.8796      $    0.033951,1.9254e-005 
CASK.2604,  TUNNEL.2,  31.149      $     0.17987,9.2628e-005 
CASK.2604,  TUNNEL.3,  132.23      $     0.76355,0.00045347 
CASK.2701,  TUNNEL.1,  138.10      $     0.79741,0.00045224 
CASK.2701,  TUNNEL.2,  25.040      $     0.14459,7.4462e-005 
CASK.2701,  TUNNEL.3,  6.3016      $    0.036387,2.1610e-005 
CASK.2702,  TUNNEL.1,  68.016      $     0.39275,0.00022274 
CASK.2702,  TUNNEL.2,  87.294      $     0.50407,0.00025959 
CASK.2702,  TUNNEL.3,  13.821      $    0.079805,4.7396e-005 
CASK.2703,  TUNNEL.1,  12.778      $    0.073785,4.1846e-005 
CASK.2703,  TUNNEL.2,  90.618      $     0.52326,0.00026947 
CASK.2703,  TUNNEL.3,  65.768      $     0.37977,0.00022554 
CASK.2704,  TUNNEL.1,  5.8947      $    0.034038,1.9304e-005 
CASK.2704,  TUNNEL.2,  31.135      $     0.17978,9.2585e-005 
CASK.2704,  TUNNEL.3,  132.22      $     0.76350,0.00045344 
CASK.2801,  TUNNEL.1,  137.92      $     0.79641,0.00045167 
CASK.2801,  TUNNEL.2,  25.255      $     0.14583,7.5100e-005 
CASK.2801,  TUNNEL.3,  6.2785      $    0.036254,2.1531e-005 
CASK.2802,  TUNNEL.1,  68.305      $     0.39442,0.00022369 
CASK.2802,  TUNNEL.2,  87.253      $     0.50383,0.00025946 
CASK.2802,  TUNNEL.3,  13.602      $    0.078545,4.6648e-005 
CASK.2803,  TUNNEL.1,  12.785      $    0.073827,4.1869e-005 
CASK.2803,  TUNNEL.2,  91.110      $     0.52610,0.00027094 
CASK.2803,  TUNNEL.3,  65.358      $     0.37740,0.00022414 
CASK.2804,  TUNNEL.1,  6.0104      $    0.034706,1.9683e-005 
CASK.2804,  TUNNEL.2,  31.037      $     0.17922,9.2294e-005 
CASK.2804,  TUNNEL.3,  132.37      $     0.76435,0.00045394 
CASK.2901,  TUNNEL.1,  137.95      $     0.79655,0.00045175 
CASK.2901,  TUNNEL.2,  25.208      $     0.14556,7.4961e-005 
CASK.2901,  TUNNEL.3,  6.3047      $    0.036405,2.1621e-005 
CASK.2902,  TUNNEL.1,  68.094      $     0.39320,0.00022299 

CASK.2902,  TUNNEL.2,  87.286      $     0.50402,0.00025956 
CASK.2902,  TUNNEL.3,  13.756      $    0.079430,4.7173e-005 
CASK.2903,  TUNNEL.1,  12.735      $    0.073535,4.1704e-005 
CASK.2903,  TUNNEL.2,  91.049      $     0.52575,0.00027075 
CASK.2903,  TUNNEL.3,  65.491      $     0.37817,0.00022459 
CASK.2904,  TUNNEL.1,  6.0330      $    0.034837,1.9757e-005 
CASK.2904,  TUNNEL.2,  31.507      $     0.18193,9.3691e-005 
CASK.2904,  TUNNEL.3,  131.85      $     0.76133,0.00045215 
CASK.3001,  TUNNEL.1,  137.97      $     0.79670,0.00045183 
CASK.3001,  TUNNEL.2,  25.049      $     0.14464,7.4489e-005 
CASK.3001,  TUNNEL.3,  6.3339      $    0.036574,2.1721e-005 
CASK.3002,  TUNNEL.1,  68.734      $     0.39689,0.00022509 
CASK.3002,  TUNNEL.2,  86.655      $     0.50038,0.00025769 
CASK.3002,  TUNNEL.3,  13.815      $    0.079771,4.7376e-005 
CASK.3003,  TUNNEL.1,  12.791      $    0.073857,4.1886e-005 
CASK.3003,  TUNNEL.2,  91.080      $     0.52592,0.00027084 
CASK.3003,  TUNNEL.3,  65.432      $     0.37783,0.00022439 
CASK.3004,  TUNNEL.1,  6.1398      $    0.035453,2.0106e-005 
CASK.3004,  TUNNEL.2,  31.115      $     0.17967,9.2525e-005 
CASK.3004,  TUNNEL.3,  132.27      $     0.76378,0.00045361 
CASK.3101,  TUNNEL.1,  137.70      $     0.79510,0.00045093 
CASK.3101,  TUNNEL.2,  25.393      $     0.14663,7.5511e-005 
CASK.3101,  TUNNEL.3,  6.3698      $    0.036781,2.1844e-005 
CASK.3102,  TUNNEL.1,  68.267      $     0.39420,0.00022356 
CASK.3102,  TUNNEL.2,  87.177      $     0.50339,0.00025924 
CASK.3102,  TUNNEL.3,  13.703      $    0.079126,4.6993e-005 
CASK.3103,  TUNNEL.1,  12.902      $    0.074502,4.2252e-005 
CASK.3103,  TUNNEL.2,  91.407      $     0.52781,0.00027182 
CASK.3103,  TUNNEL.3,  65.078      $     0.37578,0.00022317 
CASK.3104,  TUNNEL.1,  6.2118      $    0.035869,2.0342e-005 
CASK.3104,  TUNNEL.2,  30.914      $     0.17851,9.1928e-005 
CASK.3104,  TUNNEL.3,  132.43      $     0.76470,0.00045415 
CASK.3201,  TUNNEL.1,  138.23      $     0.79819,0.00045268 
CASK.3201,  TUNNEL.2,  24.820      $     0.14332,7.3808e-005 
CASK.3201,  TUNNEL.3,  6.3863      $    0.036877,2.1901e-005 
CASK.3202,  TUNNEL.1,  67.949      $     0.39236,0.00022252 
CASK.3202,  TUNNEL.2,  87.413      $     0.50475,0.00025994 
CASK.3202,  TUNNEL.3,  13.866      $    0.080068,4.7552e-005 
CASK.3203,  TUNNEL.1,  13.070      $    0.075471,4.2802e-005 
CASK.3203,  TUNNEL.2,  90.901      $     0.52489,0.00027031 
CASK.3203,  TUNNEL.3,  65.388      $     0.37757,0.00022424 
CASK.3204,  TUNNEL.1,  6.2751      $    0.036235,2.0550e-005 
CASK.3204,  TUNNEL.2,  31.217      $     0.18026,9.2829e-005 
CASK.3204,  TUNNEL.3,  132.12      $     0.76292,0.00045309 

 



 

  

 
 
 
 
 
 
 
 

Appendix E 

HOLTEC HI-STAR 100 Component Temperature Distributions 



 

 E.1 

 

 
Figure E.1.  Impact Limiter Skin Temperature Distribution  -  Normal Transport Conditions. 

 
 

Figure E.2.  Impact Limiter Structure Temperature Distribution  -  Normal Transport Conditions. 
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Figure E.3.  Canister Shell Temperature Distribution  -  Normal Transport Conditions. 

 
 

Figure E.4.  Cask Inner Shell (Primary Containment Boundary) Temperature Distribution  -  
Normal Transport Conditions. 
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Figure E.5.  Gamma Shield Temperature Distribution  -  Normal Transport Conditions. 

 
 

Figure E.6.  Fin Structure Temperature Distribution  -  Normal Transport Conditions. 
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Figure E.7.  Basket Axial Temperature Distribution  -  Normal Transport Conditions. 

 

 
 

Figure E.8.  Basket Radial Temperature Distribution  -  Normal Transport Conditions. 



 

 E.5 

 
Figure E.9.  Spent Fuel Axial Temperature Distribution  -  Normal Transport Conditions. 

 
Figure E.10.  Spent Fuel Axial Temperature Distribution  -  Normal Transport Conditions. 
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Figure E.11.  Spent Fuel Radial Temperature Distribution  -  Normal Transport Conditions. 
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