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ABSTRACT

On July 18, 2001, a frefght 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 Regulatory 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
derailment and fire to determine the possible regulatory implications of this particular event for the
transportation of spent nuclear fuel by railroad.

The USNRC met with the National Transportation 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 potential effects of those
conditions on various spent nuclear 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 for the COBRA-SFS and ANSYS® computer models developed to evaluate the thermal
performance of different package designs. The staff concluded that larger transportation packages
resembling the TransNuclear Model No. TN-68 and HOLTEC Model No. HI-STAR 100 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 International Model No. LWT (legal weight truck) transportation package,
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. While a release is not expected to occur for these conditions, any
release that could occur would 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 package 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 analysis indicates that the regulatory dose rate limits specified in 10 CFR 71.51 for accident
conditions would not be exceeded by releases or direct radiation from any of these packages in this fire
scenario. All three packages are designed to maintain regulatory dose rate limits even with a complete
loss of neutron shielding (as documented in their respective SAR analyses). While highly unlikely, the
NAC LWT could experience some decrease in gamma shielding due to slump in the lead as a
consequence of this fire scenario, but a conservative analysis shows that the regulatory dose rate limits
would not be exceeded. '
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The results of this evaluation also strongly indicate that neither spent nuclear fuel (SNF) particles nor
fission products would be released from a spent fuel transportation package carrying intact spent fuel
involved in a severe tunnel fire such as the Baltimore tunnel fire. None of the three package 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.

While a release is unlikely, the potential releases calculated for the TN-68 rail package and the NAC
LWT truck package indicate that any release of CRUD from either package would be very small - less

" than an A, quantity (see Section 8.2).
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ABBREVIATIONS

APDL ANSYS® Parametric Design Language
BTf Baltimore Tunnel Fire

BWR Boiling Water Reactor

CFD Computational Fluid Dynamics

CoC Certificate of Compli@cc

CNWRA Center for Nuclear Waste Regulatory Analyses

CRUD Chalk River Unknown Deposit (generic term for various residues deposited on fuel rod
surfaces, originally coined by Atomic Energy of Canada, Ltd. (AECL) to describe deposits
observed on fuel removed from the test reactor at Chalk River.)
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1 INTRODUCTION

Current USNRC regulations specify that spent nuclear fuel (SNF) transportation packages must be
designed to survive exposure to a tully 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. (The term “package” refers to both the contents, in this case spent nuclear fuel,
and the protective enclosing structure in which the contents are placed.)

The intent of the regulations is to ensure that spent fuel packages survive real world accidents, including
those involving severe fires. The performance of spent fuel packages in severe accidents has been
examined in previous studies by the NRC, as documented in NUREG-0170 (Final Environmental
Statement on the Transportation of Radioactive Material by Air and Other Modes'), NUREG/CR-4829
(Shipping Container Response to Severe Highway and Railway Accident Conditions®, also known as the
“Modal Study”), and NUREG/CR-6672 (Re-examination of Spent Fuel Shipment Risk Estimates’).
However, these studies did not explicitly examine historical accidents involving severe rail tunnel fires.

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. (The event

~ is described in Section 1.3.) The staff of the USNRC Division of Spent Fuel Storage and Transportation

(SFST), formerly the Spent Fuel Project Office, undertook an investigation of the derailment and fire in
order to determine what impact this event might have on the risk associated with spent nuclear fuel
transportation by rail. This evaluation included an assessment of the potential severity of a tunnel fire
compared to a fully engulfing fire, a review of the frequency of rail transportation accidents involving
severe fires, and an analytical evaluation of the response of representative licensed SNF transportation
packages to the conditions of the Baltimore tunnel fire. :

1.1 Evaluation of Tunnel Fire Characteristics

The 30-minute fully engulfing fire prescribed in the current USNRC regulations defines a bounding fire
for essentially all credible fire accidents involving SNF shipping packages. A fully engulfing open pool
firc would generally be expected to subject a package to the hottest possible conditions for a given fuel
supply. However, when considering potential accidents involving rail transport of SNF or high level
waste (HLW), it is arguable that a rail tunnel fire could also present one of the more severe thermal
challenges to a spent fuel transportation package. This is one of the reasons the staff chose to study the
Baltimore tunnel fire event.

In examining real-world accidents that could involve a spent fuel transportation package, a number of
significant differences are apparent between tunnel fires and severe fires occurring in an open (non-
tunnel) environment. These factors include: 1) the possible position of a spent fuel package in relation to

! NUREG -01 70, US Nuclear Regulatory Commission, Washington D.C., December 1977.
‘ NUREG/CR-4829, US Nuclear Regulatory Commission, Washington, D.C., February 1987.
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the fire location; 2) the nature of the flammable material involved; 3) the rail bed materials; 4) the types
of fires that can occur and; 5) emergency response to firc accidents.

In a fully engulfing fire, in which the fuel is generally assumed to form a pool, the most severe conditions,
by definition, occur in the hottest flaming region of the fire. In a typical regulatory fire analysis (defined
by the fire conditions in 10 CFR 71.73[1]), a SNF package is assumed to be located within the flaming
region of the fire 3.3 ft (1 meter) above the surtace of the pool. However, because many railroad tracks
arc clevated above grade and are constructed on porous substrate, pooling of spilled flammable liquid is
less likely in an open environment when compared with a tunnel environment, where the rail bed surface
is often rock, concrete, or pavement. Historically many of the fires resulting from rail accidents have
involved the leakage of flammable gas (such as propane), rather than a liquid. A flammable gas cannot
form a pool. Ifignited, flammable gas leaking from a tank car will generally result in a localized pressure
fire that is incapable of engulfing a spent fuel transportation package.

In a rail accident involving a fire, it is extremely unlikely that a spent fuel transportation package would
end up directly adjacent to a tank car carrying flammable liquid. Federal regulations issued by the
Department of Transportation (DOT), in 49 CFR 174.85, require very specifically defined spacing
between rail cars carrying radioactive materials and hazardous materials of any kind, including flammable
liquids. Typical requirements specify that a rail car carrying radioactive material must be separated from
cars carrying other hazardous material by at least one buffer car. A rail car carrying a spent fuel package
would not be coupled directly to a tank car carrying flammable or combustible liquid. Figure 1.1 shows
an example of this arrangement in an actual radioactive material shipment by rail. ‘

Figure 1.1. Radioactive Material Rail Shipment

* NUREG/CR-6672, US Nuclear Regulatory Commission, Washington D.C., March 2000.




The location of the spent fuel package relative to the fire, for a fire in an open environment (i.e., a
non-tunnel fire), will determine the amount of heat absorbed by the package (assuming a direct exposure
to the fire). This is because thermal radiation is the main mechanism* for heat transfer from the fire to the
package. In an open environment, the energy imparted to the package from the fire falls off rapidly with
distance from the fire. In a tunnel environment, by contrast, the fire may result in elevated temperatures
on adjacent tunnel surfaces, which could result in a package being subjected to an “oven” effect due to
heat radiating from hot tunnel surfaces for an extended period of time, possibly for several hours after the
fire has been extinguished.

In rail accidents involving fires and hazardous materials in tank cars (including flammable gas or liquid),
emergency responders follow the DOT Emergency Response Guidebook’. Emergency personnel are
directed to provide water spray cooling to tank cars, to prevent boiling liquid expanding vapor explosions
(BLEVESs) from occurring. In tunnel fires, space restrictions may make it difficult or impossible to mount
an effective emergency response, either to cool tank cars or extinguish the fire. This could result in a fire
burning unchecked, having a longer duration, and possibly reaching higher temperatures, compared to a
fire with essentially the same fuel supply occurring in an unobstructed (non-enclosed) environment.
Based on these factors, fires occurring in tunnels have the potential of being more severe than fires
occurring in non-tunnel environments. The only significant limiting factor in a tunnel fire, which would
not affect a fire in an open environment, is the potential for limited ventilation in a tunnel (due to tunnel
length or small degree of slope), which could greatly reduce the amount of oxygen available for
combustion. This would tend to reduce the burn rate, which would reduce the intensity of the fire, and
thus tend to produce lower temperatures, even for a longer fire duration.

1.2 Review of Rail Transportatidn Accidents

As part of its investigation of the impact of the Baltimore tunnel fire on the transportation of spent nuclear
fuel, NRC staff conducted a detailed survey of rail transportation accidents in the United States. The staff
reviewed accident reports (particularly those of the NTSB), historical media accounts, and data from the
Federal Railroad Administration (FRA) safety database, and from the Association of American Railroads
(AAR). This review showed that severe rail fires, either in tunnels or open environments, are extremely
infrequent events.

The staff’s review revealed several facts about rail accidents in the United States in general, and those
involving hazardous materials specifically. These facts, which are summarized below, aid in putting the
Howard Street tunnel fire into perspective.

e In nearly 34 billion kilometers (21 billion miles) of travel on American railroads between 1975 and
2003, there have been 1700 reported incidents involving release of hazardous materials.

* For a discussion of this phcliorhenon see NUREG/CR-4892, Shipping Container Response to Severe Highway and
Railway Accident Conditions, Vol. 11, pages 175 to 178. ‘
%2004 Emergency Response Guidebook, U.S. Department of Transportation, Pages 115 and 128.
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e Many of the 1700 incidents involved minor releases of non-flammable hazardous materials. None of
the incidents reviewed involved the release of any radloactnve matenal

e Of the 1700 incidents, there were 8 that involved a significant quantity of flammable material and that
resulted in a long duration fire. These incidents® were as follows:

1) Derailment of CSXT freight train, Baltimore, Maryland, July 18, 2001 (the subject of this report)

2) Derailment of Union Pacific Freight train, Eunice, Louisiana, May 27, 2000 [NTSB report RAR-
02-03; NTIS report PB2002-916303]

3) Derailment of Wisconsin Central freight train, Weyauwega, Wxsoonsm March 4, 1996

4) Derailment of BNSF freight train, Cajon Pass, California, February 1, 1996 [NTSB report RAR-
96-05; NTIS report PB96-916305] ‘

5) Derailment of CSXT freight train, Akron, Ohio, February 26, 1989 [NTSB report HZM-90-02;
NTIS report PB90-917006]

6) Derailment of MT Rail freight train, Helena, Montana February 2 1989 [NTSB repoxt RAR-89-
05; NTIS report PB89-916305] -

7) Derailment of CSXT freight train, anmxsburg, OH, July 8, 1986 [NTSB rcport HZM-87-01
NTIS report PB-87-917004]

8) Derailment of lllinois Gulf Central freight train, Livingston, Louisiana, September 28, 1982
[NTSB report RAR-83-05; NTIS report PB83-916305]

Of these eight accidents, only one (the Baltimore tunnel fire) occurred in a tunnel. Based on an

examination of the NTSB accident reports on the seven accidents listed above that did not occur in a

~ tunnel, the staff concluded that none of them could have provided a fully engulfing fire environment for a
. spent fuel package, had one been involved in the event.

This conclusion is based on three mitigating factors present in the accidents examined above: the potential
proximity of a hypothetical SNF transportation package to the fire that occurred, the available fuel for the
fire, and the emergency response time for each accident. These factors are expanded upon below:

(1) Proximity: Using diagrams of the rail car configurations in the seven accidents, as given in the NTSB
reports, a rail car carrying a spent fuel package and its required buffer cars could not have
been located close enough to any tank cars that ruptured in these accidents. An SNF
package, had one been involved, would not have been positioned near enough to the
burning flammable material in these accidents to be fully engulfed.

(2) Fuel for the fire: The flammable material involved in a majority of the accidents were gasses that
resulted in localized pressure fires, so these accidents did not involve the pooling of

€ The. reports on these incidents are available on the NTSB web site, www.ntsb.gov, under the link “Accident
Reports or from the National Technical Information Service (NTIS) web site, www.ntis.gov.

7 The NTSB did not issue a report on this accident. Information describing the accident is available in the public
docket, National Transportation Safety Board Public Docket for Railroad Accident at Weyauwega, WI, March 4,
1996. Docket ID: 8867, Released August 18, 1997, Washington, D.C. This document is available on the website:
http://www.postcrescent.conVspecials/assets/ APCweyauweatrain/default.htm,
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flammable liquids. In those that did involve flammable liquids, pooling did not
occur because of the nature of the track bed, which is elevated over porous media.

(3) Response time: The emergency response times were extremely rapid in these seven accidents (most
were responded to within 1-2 hours), and response efforts included cooling the tank
cars, effectively minimizing fire intensity and duration.

The Howard Street rail tunnel derailment and fire is unique in that none of the mitigating factors noted
above (for non-tunnel fires) were acting to significantly limit the severity or duration of the fire.
However, the staff’s examination of the FRA database shows that the Howard Street tunnel derailment
and fire is the only severe rail tunnel fire involving hazardous materials shipments that has occurred in the
nearly 21 billion rail miles of transportation that took place in the United States between 1975 and 2005.

Whien this accident frequency is coupled with the expected number of shipments of radioactive material
in the future, the risk of amaccident of this type still remains low. In addition, several factors work to
reduce the risk of this type of accident even further. These include:

(1) The intent of the Department of Energy (DOE) to ship the bulk of SNF and HLW to the Proposed
Geological Repository for the Dlsposal of SNF and HLW at Yucca Mountain (Yucca Mountam) via
dedicated rail®;

(2) FRA considératio’n of enactment of regulations that would require the use of dedicated trains’ for the
_shipment of SNF and HLW; :

(3) AAR enacting, at the recommendation of the NRC, a “no-pass” rule'” for single bore dual-track rail
tunnels. The rule specifies that trains carrying tank cars containing hazardous materials, such as
flammable or combustible liquids, and trains carrymg SNF or HLW may not pass one another within
the same tunnel.

This investigation has shown that accidents involving hazardous materials and long duration fires on
railroads in general and in rail tunnels in particular occur with extremely low frequency. As discussed
above, DOE, FRA, and AAR have taken steps to further preclude the possibility of such an accident
involving SNF or HLW and other hazardous (flammable or combustible) materials in a rail tunnel.
Consequently, the frequency of any rail accident involving an SNF or HLW shipment in conjunction with
a long duration fire in a rail tunnel essentially approaches zero. Detailed conservative analyses of the

Baltimore tunnel fire show that the potential consequences of such an accident, were it to actually occur,

are minimal (as discussed in Chapter 8 of this report). The NRC staff therefore concludes that the risk to
public health and safety posed by this type of transportation accident is close to nonexistent.

¥ Letter to Stakeholders from Paul M. Golan, Principal Deputy Director Office of Civilian Radioactive Waste
Management, July 18, 2005.
? This consideration is mandated pursuant to Section 5105(b) of the Hazardous Materials Transpoitation Uniform
Safety Act of 1990, As Amended.

% Circular No. OT-55-1 (CPC-1174), American Association of Rallroads, July 17 2006.
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1.3 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 1895, later additions cxtended it to its current length of 1.65 mi (2.7 km). The
tunnel has an average upward grade of only 0.8% from the west portal to the east portal, and at the time of
the accident, the active ventilation system was not in operation. The tunnel is approximatcly 22 ft (6.7 m)
high 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 tripropylene'’, 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 (Figure 1.2) containing approximately 28,600 gallons (108,263 liters) of liquid
tripropylene had a 1.5-inch (3.81-cm) diameter hole punctured in it (Figure 1.3) by the car’s brake
mechanism during the derailment.

Figure 1.2. Liquid Tripropylene Tank Car

H Tripropylene carrics an NFPA hazards rating of 3 for flammability, which is the samc as that of gasoline.
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Figure 1.3. Puncture in Tank Car

Ignition of the liquid tripropylene led to the ensuing fire. The exact duration of the fire is not known with
certainty. Based on NTSB interviews of emergency responders, it was dctermined that the most severe
portion of the fire in the Howard Street tunnel lasted approximately 3 hours. Less severe fires burned in
the tunnel 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,.

Tripropylene, which is also called Nonene, is a liquid hydrocarbon compound that is traditionally used for
industrial processes. Table 1.1 lists the heat of combustion for tripropylene and a number of other
hydrocarbon fucls that are commonly shipped by rail. Gasoline and jet fuel are also included in the table,
but for comparison purposes only, as these fuels are rarely, if ever, transported by rail. Tripropylene has a
heat of combustion comparable to that of gasoline, and has a higher heat of combustion than that of jet
tuel. When compared to other common hydrocarbon liquids, tripropylene falls near the high end of the
range of values for heat of combustion for hydrocarbon liquids. The range of values shown in Table 1.1
for hydrocarbon fuels is relatively narrow, however, which indicates that when burned under the same
conditions, these hydrocarbon liquids will generally have similar combustion characteristics. Therefore,
while tripropylene was the specific fuel for the Baltimore tunnel fire, its combustion characteristics are
generally representative of the behavior of other hydrocarbon fuels.




Table 1 1 Comparlson of Varlous Hydrocarbon quulds

19, 800 (46 000)

19,500 (45,400)
Isobutane 19,600 (45,600)
Pentane 19,300 (45,000)
Hexane 19,200 (44,700)
Heptane 19,200 (44,700)
Toluene 17,400 (40,500)
Octane 19,100 (44,400)
Nonane 19,000 (44,300)
Nonene (tripropylene) CoHj3 19, 000 (44,300)
Decane CioHn © 19,000 (44,300)
‘Undecane - CiHyq 19,000 (44,300)

[Gasoline Gllis’ 19,100 (44,500)°

(mixture of heptanes, .
octanes, nonanes and
decanes)
Jet Fuel, grade JP-1 18,500 (43,000)
Jet Fuel, grade JP-2 18,700 (43,500)
Jet Fuel, grade JP-3 18,700 (43,500)
Jet Fuel, grade JP-4 18,500 (43,000)

*Values derived from Perry, Chilton, and Kirkpatrick, Perry’s Chemical
Engineer’s Handbook, 4" Edition, Table 3-202, Page 3-104.

®Typical values. Values will vary slightly depending on formulation. Derived
from Ferguson and Kirkpatrick, Internal Combustion Engines, Applied
Thermosciences, 2™ Edition, Page 316 and Table 10.8.

1.4 Implications of the Baltlmore Tunnel F ire for Transportation of Spent
Nuclear Fuel

As one element of the evaluations related to the Baltimore tunnel fire accident, calculations were
performed by NRC for three currently licensed spent nuclear fuel transportation packages. This analysis
is a case study of a historic event, with the addition of the involvement of a spent nuclear fuel
transportation package and a conservative representation of the possible fire duration. The staff’s efforts
were focused on providing a realistic transportation accident scenario based on the physical conditions of




the Howard- Street tunnel and the actual events surrounding the derailment and ensuing fire. The analysis
is not intended to determine a “worst case” tunnel fire accident involving spent nuclear fuel. However,
given the extremely low frequency of this type of accident (as discussed in Section 1.2), and the intensity
and duration of the fire, this accident imposes extremely severe conditions on an SNF package, and
constitutes a ‘beyond design-basis’ scenario. '

This analysis evaluated the performance of the TransNuclear Model No. TN-68 (“TN-68”), the HOLTEC
. International Model No. HI-STAR 100 (“HI-STAR 100”), and the NAC International Model No. LWT
(“NAC LWT”) transport packages when subjected to boundary conditions representing the Baltimore
tunnel fire. Tunnel air, wall, floor, and ceiling temperatures obtained 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 general descriptions of the transportation package designs analyzed, as well as a
detailed description of the analyses conducted including modeling approach, boundary conditions, 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 ternperatures obtained in the fire simulations
_performed by NIST. Section 4 presents a detailed description of the spent fuel transportation packages
evaluated. 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 the predicted response for each transportation package during and after the
fire. Section 8 provides an analysis to determine the magnitude of any potential radiation hazard or
release of radioactive material as a consequence of the effects of the fire on each of the packages.
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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, 71" to assess the thermal
environment within the tunnel during the fire. The NIST study was based on information developed by
the NTSB investigation of the tunnel fire, including descriptions of the tunnel structural features, the
damage to the rail cars, and the sequence of events in the accident. Using this information as the starting
point for the calculations, the analysis was extended to include variation of the unknown parameters to
predict the range and distribution of temperatures that could have been sustained in the tunnel during and
‘after the fire, and the duration of the fire.

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 uses a large eddy simuilation technique to represent turbulence effects. The source term representing
the fire is modeled by solving an additional transport equation for a conserved scalar quantity
representing the mixture fraction of fuel and oxygen. Thermal radiation is modeled with the radiative
transport equation for a non-scattering grey gas. The code is also able to construct a visual representation
of smoke flow in a fire, taking into account the effects of the geometry of the fire environment and the
material comprising surrounding structures.

The extensive validation of FDS includes comparisons to results of tunnel fire tests with conditions
similar to the Baltimore tunnel fire. NIST developed fire models using FDS based on the geometry and
test conditions from a series of tunnel 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 6.83x107 Btw/hr (20 MW) and a 1.71x10® 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 Howard Street tunnel developed by NIST included
the rail cars represented as solid blocks elevated 3.3 ft (1 m) above the rail bed. The rail car blocks can
absorb thermal radiation, and provide obstructions to air flow in the tunnel. In the model, the blocks
representing the rail cars were positioned in the center of the tunnel for the maj ority of the calculations.
However, sensitivity studies included calculations performed with the rail cars modeled in their derailed
positions in the tunnel, as documented by the NTSB. The source of the fire was specified in the
simulation as a pool of burning liquid tripropylene'® positioned below the location of the hole that was
punctured in the tripropylene tank car during the derailment. The computational grid for the tunnel fire
model was relatively fine in the immediate vicinity of the fire, with nodes on the order of 6 to 12 inches

12 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.
13 Combustible materials in nearby box cars ignited during the fire, and continued to smolder for several days, long
after the tripropylene fire self-extinguished. However, these materials contributed relatively little energy to the fire,
and burned at temperatures far lower than those experienced during the flaming combustion of the liquid
hydrocarbon fuel.
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(0.15 to 0.30 m) in length, in order to properly capture fire and gas behavior. The mesh size was
expanded at distances farther from the fire source, where less resolution was needed. The entire tunnel ‘
volume was included in the FDS calculation, in order to appropriately simulate the mixing of air and hot

gasses along the full length of the tunnel. : ' :

‘Parametric studies of the burning rate of the fire based on the amount of available fuel, the air flow in the
tunnel, the thermal conductivity of the bricks lining the tunnel, and sensitivity studies on the fuel pool
area show that the Howard Street tunnel fire was oxygen-limited. In the confined space of the tunnel, the
heat release rate of the fire was constrained by the supply of oxygen, rather than the supply of fuel. Fora
wide range of modeling assumptions, the overall heat release rate (or heat rate) for the fire was predicted
10 be no more than about 1.71x10® Btwhr (50 MW). ‘The highest peak temperatures predicted in these
simulations were 1832-2012°F (1000-1100°C) in the flaming region of the fire. The calculational results
showed that the hot gas layer above the rail cars within three to four rail car lengths of the fire was an
average of 932°F (500°C). Peak temperatures on the tunnel surfaces were calculated to reach 1472°F
(800°C) where flames dire'ctly impinged on the ceiling of the tunnel. The average tunnel ceiling
temperature within a distance of three to four rail car lengths from the fire was calculated to be 752°F
(400°C). ' ‘ :

In these FDS simulations, the hottest temperatures occur within the first hour of the fire. After that point,
the fire is oxygen-limited and temperatures are generally lower. A considerable fraction of the evaporated
fuel does not burn due to lack of oxygen, and instead is predicted to have been carried out of the tunnel
with the smoke and other combustion gases. However, these simulations extended only over the first 3

- hours of the fire. At that point, the bursting of a water main within the tunnel introduced significant
uncertainty in the boundary conditions for the fire within the tunnel. The presence of water in the tunnel
would be expected to affect the fire intensity and possibly duration, but there is no means of determining
how much water might have actually reached the fire location. The tripropylene fire probably burned
more than 3 hours, but it could have done so only at a reduced rate due to lack of sufficient oxygen and it
may also have been affected by cooling or quenching due to the presence of water in the tunnel. Within

" 12 hours, the fire had self-extinguished due to oxygen starvation and possibly water quenching.

Additional FDS simulations were performed using the same model of the Howard Street tunnel, to
investigate possible scenarios that could produce long-duration, high-temperature fires within the tunnel
environment. In these simulations, the bursting of the water main was ignored, the tunnel was assumed to
be ventilated in a manner that allowed the fire to be fully oxygenated, and the fire was assumed to bum
until the entire inventory of fuel in the tank car was consumed by combustion. (This assumes that no fuel
was lost due to evaporation or by draining away from the fire location or by soaking into the rail bed.)
The cross-sectional area of the pool of fuel was assumed to be no more than 600 fi? (56 m?),
corresponding to the footprint of the tank car, which is about the smallest pool that could have been
sustained within the tunnel. This essentially supposes that the fuel was confined within the low “walls”
formed by the rails of the track, that the tank car was fortuitously situated at a slight dip in the rail bed,
and the fuel spilled from the puncture in the tank car at a rate that did not overflow this shallow pan
before it could be consumed by the fire. Although somewhat unrealistic, these assumptions led to a more
conservative fire duration. '
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This minimum size for the fuel pool was assumed in order to determine the hottest and longest-lasting
potential fire conditions for this event. A larger pool size would generally mean a shorter duration for the
fire (because a fire buning over a larger area consumes fuel more rapldly) and the possibility of a lower
peak temperature (due to the formation of an oxygen starved “‘core” at the interior of the pool area). The
assumed pool size is very conservative for this scenario, since it is reasonable to assume that the fuel
spilled freely through the rail bed and along the floor of the Howard Street tunnel and, therefore, would
have burned over a larger area and at lower temperatures than were calculated for the assumed minimal
fuel pool size in the FDS calculatlon :

If the tunnel ventilation system had been operating at the time of the fire, air flow to the fire would have
been higher, and the fire would not have been oxygen-starved to the same extent as it was with the
ventilation system off. To allow sufficient ventilation within the tunnel for all of the fuel to be consumed
by combustion, the FDS model was modified to include holes in the tunnel walls that connected to the
ambient environment. Assuming 53.84-ft’ (5-m’) holes (3.3 ft (1 m) high by 16.4 ft (5 m) wide, 9.8 ft (3
m) above the tunnel floor), every 328 ft (100 m) along one side of the tunnel produced a fire lasting 6.7
hrs. The peak gas temperatures in this scenario were 2084°F (1140°C) in the flaming region of the fire
and 1958°F (1070°C) at 66 ft (20 m) downstream of the fire. At the location 66 ft (20 m) downstream of
the fire, peak ceiling temperatures above 1832°F (1000°C) were predlcted from about 3 hours until the
end of the fire at 6.7 hrs.

The heat rate for the fire in this scenario is approximately 1.71x10° Btw/hr (500 MW), which is an order
of magnitude higher than the heat rate predicted for the actual fire. The scenario conservatively assumes
a sufficient supply of oxygen for the fire (as if the tunnel had been well ventilated) and a minimum
credible fuel pool area within the confines of the tunnel. These assumptions produced a fire scenario
within the tunnel that is comparable in severity to an open pool fire, and is arguably the most severe fire
that could possibly have occurred with the available fuel. The temperatures predicted with FDS for this
scenario providcd the fire boundary conditions for the ANSYS and COBRA-SFS simulations in the
current study. (See Section 6.1 for a complete description of the actual boundary conditions used.)
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3 CNWRA MATERIALS FIRE EXPOSURE ANALYSIS

Staff from the Center for Nuclear Waste Regulatory Analysis (CNWRA), along with staff from NRC and
NIST, examined rail cars and the tank car removed from the Howard Street tunnel, to evaluate evidence
of high temperatures experienced by these components. The examination of physical evidence provided
the staff with further insight into the fire environment that existed in the tunne! during the accident. Staff
from CNWRA also collected material samples from these boxcars and the tank car for further analysis.

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 tank car,
CNWRA was able to estimate the fire exposure time and temperature for the samples tested. These
analyses indicated that material temperatures on the roof of the boxcar located approximately 66 fi (20 m)
from the tank car were in the range of 1382-1562°F (750-850°C) for approximately 4 hours. Material
temperatures on other components of this boxcar were estimated to have reached values on the order of
1112°F (600°C). (Additional details associated with the analyses performed by CNWRA can be found in

* the report on the analysis of the rail car components [5].)

The material time and temperature exposures determined by the CNWRA analyses provide objective
verification of the detailed predictions of the NIST FDS model of the Howard Street tunnel fire [4]. The
FDS calculations predict’ peak gas temperatures of 1832-2012°F (1000-1100°C) in the flaming region of
the fire, with peak surface temperatures of 1472°F (800°C) on the tunnel ceiling. Because of the
insulation provided by the brick walls of the tunnel, the calculated temperatures within 3 to 4 rail car
lengths (within approximately 200 ft (60 m)) of the fire were relatively uniform, as in an oven or furnace. .
As a result, the hot gas layer above the rail cars in this region is calculated to sustain an average
temperature of approximately 932°F (500°C) for at least 3 hours. The local material temperatures
estimated in the CNWRA analysis at 66 ft (20 m) from the fire could easily have been sustained in this
predicted fire environment.

The fire scenario used to define the boundary conditions for the ANSYS and COBRA-SFS calculations in
the current study, however, represents conditions that are more severe than the conditions predicted with
FDS using realistic boundary conditions based on available information about the Howard Street tunnel
fire. In this scenario, as described in Section 2, the fire is assumed to be fully ventilated and burns. for
nearly 7 hours, until all of the tripropylene fuel is consumed. The FDS simulation using these
assumptions predicts peak gas temperatures above 1400°F (760°C) for more than 5 hours in the region 66
ft (20 m) from the fire center. The peak ceiling temperature at this location is above 1400°F (760°C) for
more than 6 hours. This fire environment would result in far more severe conditions at the hypothetical

" location of an SNF package than are indicated for the actual Baltimore tunnel fire by the results of the

CNWRA materials analyses.
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4 TRANSPORTATION PACKAGES ANALYZED

As discussed in Section 1, 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 1472°F (800°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..

This investigation evaluated how a fire similar to the Howard Street tunnel fire might affect three NRC-
certified spent fuel transportation package designs. These included the TransNuclear TN-68 and
HOLTEC HI-STAR 100 rail transportation packages, and the NAC LWT transportation package. The
LWT was selected becausé 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 in the following sections.

4.1 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
seal-welded canister. The contéinmgnt 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 Btuw/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]. ' '

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 consists of a ring of aluminum boxes filled with borated polyester resin. The -
outer shell of the package is carbon stecl. :

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 (depicted in Figure 4.2). The TN-
68 weighs approximately 260,400 1b (118,115 kg) when loaded for transport. '

4.1



270"

SEE DWG.
972-70-4

SECTION A-A

FROM D¥G. 972-7+-2

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

ONT FPACT LHTER , FEAR MPACT LMTER
" BRACKET (FOR ¥PACT LMTER .
. BRACKET ATTACHVYENT BOLT) - .
PR m\ : / s PPACT LIMTER ATTACHMENT BOLT /

@ ol il i Ery

1

[

-0

l
I
@
I
|
|
I
é

T A
e

1
|
H \ ___}
A <_.’ REGWLATORY PU\TE\ .

Figure 4.2. TransNuclear TN-68 Spent Fuel Transportation Package
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4.2 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 MPC designs to accommodate three different spent fuel Ioadmg
configurations: up to 24 PWR assemblies, up to 32 PWR assemblies, or up to 68§ BWR assemblles The
MPC-24 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 kW). The MPC is
placed in the transportation packaging for shipment after it has been loaded with spent nuclear fuel and
welded shut. A diagram of the HI- STAR 100 package system 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 stlffenmg fins. The outer
shell of the package is carbon steel, with a painted surface.
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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 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 rail car, with impact limiters installed. This package weighs approximately 277,300 1b
(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 Rail car

4.3 NAC LWT SNF Transportation Package

The NAC LWT is a small transportation package certified for transport on a standard tractor trailer truck,
which can also be transported by rail. The NAC LWT is typically enclosed within an International
Organization for Standardization (ISO) shipping container when shipped by rail. The Certificate of
Compliance (CoC) for this SNF package requires that it be enclosed in either a personnel barrier (PB) or
ISO container. Figure 4.5 shows a picture of a NAC LWT package on a flat-bed trailer with a PB
installed, but without an ISO container.

" Image courtesy of HOLTEC International.
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PBs commonly used for truck shipments are not suitable for rail shipments, so an ISO container would
generally be required. Current DOE policy requires an ISO for truck packages shipped by rail, and every
rail shipment of the LWl to date has been in an ISO container. Figure 4.6 shows an exterior view of the
package within an ISO container on a flat-bed trailer.

Figure 4.6. NAC LWT Transport Package (within ISO container)
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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 purpose 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 fuel configuration and maximum decay heat load is used for the
thermal evaluation of the package presented in the SAR [11], and provides a conservative thermal load
for the fire accident scenario.

The loaded package weighs approximately 52,000 1b (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.
The package has an additional outer stainless steel shell to protect the containment shell, and also to
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 chosen to evaluate the response of the selected transportation packages was to
construct highly detailed analysis models capable of accounting for all the significant heat transfer paths
to and from the package by means of conduction, convection, and thermal radiation. 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 approach. The TN-68 package was modeled using the COBRA-SFS finite-
difference thermal-hydraulic analysis code [2]. The HI-STAR 100 and NAC LWT packages were
modeled using the ANSYS [3] general purpose FEA code. Three-dimensional (3D) models of each of the
packages were developed for these analyses. These models were subjected to boundary conditions (see
Section 6) derived from a detailed simulation of the Howard Street tunnel thermal environment during
and after the fire, performed with the FDS code. (See Section 2 for a discussion of the NIST analysis of
the Howard Street tunnel fire and the selected fire scenario for these analyses.)

Section 5.1 presents a general description of the representation of the SNF packages within the tunnel
environment. Section 5.2 contains a detailed description of the COBRA-SFS model of the TN-68
package. The ANSYS model of the HI-Star 100 is described in Section 5.3, and Section 5.4 contains a
description of the ANSYS model of the NAC LWT.

5.1 Modeling SNF Packages within Tunnel

Boundary conditions for the models of the SNF packages were taken from the results of the FDS analysis
at 66 ft (20 m) down stream of the fire source. This location was determined from the configuration of
the rail cars within the tunnel relative to the fire, as shown in Figure 5.1. The selected location
corresponds to the shortest possible distance between the tank car carrying liquid tripropylene and the
nearest rail car that could have been carrying an SNF package on this particular train.

Other possible derailment configurations were examined by the staff, based on behavior commonly
exhibited by rail cars that have derailed. Figure 5.2 depicts a common derailment scenario involving a
single bore tunnel where the distance between the side walls is twice the width of a rail car. As can be
seen from the diagram, a derailment that results in a decoupling of the rail cars and an “accordion”
placement of the rail cars would actually move the cars further apart than an in-line derailment of the type
that occurred in the Howard Street tunnel.

The assumed location of the SNF package in this analysis is based on Department of Transportation
regulations that require rail cars carrying radioactive materials to be separated from other cars carrying
hazardous materials or flammable liquids by at least one innocuous rail car (referred to as a buffer car)
[12]. The dimensions of the Howard Street tunnel (depicted in Figure 5.3) would not have allowed a rail
car carrying an SNF package to come any closer to the tripropylene tank car. Even if the buffer car is
assumed to be a flat rail car, it would be essentially impossible, given the velocity of the train at the time
of the derailment, for the buffer car to slide past either the tripropylene tank car or a rail car carrying a
SNF package, and thereby decrease the distance between the SNF transportation package and the fire.

5.1




Possible Locations of Spent Fuel Casks

based on DOT Regulations
\\ ’

e’

@, Tunnel Walls

Tripropylene Tank Car

Figure 5.1. Configuration of Derailed Train in Vicinity of Fire

Normal Rail Car Alignment in Tunnel

I—— 60 feet ——!

T
b 151“
Tunnel Wall /

Rail Car Alignment after Derailment

Ve L a:

Figure 5.2. Possible Orientation of Derailed Train in Tunnel




The package was assumed to remain on the rail car in a horizontal position 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. It also results in the maximum exposure of package surfaces
to tunnel surfaces for thermal radiation exchange. This is a particularly important consideration, since
radiation heat transter to the package is the most significant mode of heat transfer during and immediately
following the fire, by at least an order of magnitude.

Alternative orientations for the SNF package in this accident scenario, however plausible, would result in
less severe boundary conditions during the fire transient. A vertical orientation for the package on the rail
car would result in decreased exposure to the fire-driven flow of hot gas around the package and
enhanced free convection cooling during the post-fire cool down phase of the transient. This orientation
would also result in a decrease in thermal radiation interaction with the tunnel surfaces, due to attenuated
view factors. In particular, the axial length of the package would not have the direct (essentially parallel)
view of the tunnel ceiling that it has on its upper side in the horizontal orientation.

5.5 Feet

15. 5 Feet

4
v

27 Feet

Figure 5.3. Dimensions of Howard Street Tunnel with Tank Car on Track
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Postulating that the SNF package would separate from the rail car would also result in less severe
boundary conditions on the package, even assuming that the package ended up closer to the fire. In such
a scenario, the package would be on the floor of the tunnel, exposed to markedly lower temperatures from
the surrounding air and tunnel surfaces, compared to the boundary conditions encountered at the elevation
of the package on the rail car at 66 ft (20 m) down-stream of the fire. This position would also tend to
attenuate thermal radiation interaction with the hottest surfaces in the tunnel (i.c., the ceiling and upper
side walls).

As discussed in Section 2, the FDS simulation used to definé the boundary conditions for this analysis
modeled a hypothetical fire scenario with greatly enhanced ventilation, in order to fully consume the
available fuel supply at a fully oxygenated burn rate, and a minimal fuel pool size, in order to achieve the
highest possible fire temperatures. This extremely conservative scenario resulted in a fire lasting
approximately 7 hours, with increasing temperatures at the assumed location of the SNF package in the
tunnel for the entire fire duration. Inthe FDS analysis, the calculation was extended out to a 23-hour
post-fire cool down, for a fotal 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 further 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.

The FDS analysis utilized a fine-mesh noding that yielded detailed predictions of axial and radial
distributions of tunnel air temperatures, gas velocities, and tunnel surface temperatures throughout the fire
and post-fire cool down period. As a conservative approach to defining the thermal environment seen by
the SNF packages during the fire, the peak air temperatures predicted in the FDS simulation in the top,
middle, and bottom regions of the tunnel were used to define the boundary conditions around the
corresponding regions on the circumference of the package during the transient. These temperatures were
used to define the local ambient temperatures for convection heat transfer from the surfaces of the
packages. Similarly, the peak tunnel surface temperatures on the ceiling, side walls, and floor were used
to define the surface temperature boundary conditions for radiation exchange.

This conservative simplification of the detailed FDS results describing the tunnel thermal environment
was implemented by dividing the tunnel cross-section into three regions, as illustrated in Figure 5.4.
(This figure is a conceptual diagram, not a scale drawing; proportions have been distorted to permit
labeling of boundary regions.) For the air temperature boundary conditions for convection at the package
surface, the “bottom” region was defined as extending from the tunnel floor to 1 ft (0.3 m) above the
floor. The “side” region was defined as extending from ] ft (0.3 m) to 15.8 ft (4.8 m) above the tunnel
floor. The “top” region was defined as extending from 15.8 ft (4.8 m) above the tunnel floor to the tunnel
ceiling at 22 ft (6.7 m). Similarly, for the wall temperature boundary conditions for radiation exchange,
the “bottom” region was defined as the tunnel floor; the “side” region was defined as the tunnel wall
extending to 15.8 ft (4.8 m) above the tunnel floor. The “top” region included the arch of the tunnel
ceiling down to 15.8 ft (4.8 m) above the tunnel floor.

The diagram in Figure 5.4 illustrates the coupling of the external thermal environment to the top, side, and
bottom regions of the SNF package model, as implemented for the HI-STAR 100. For the NAC LWT,
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the external boundary conditions were imposed on the ISO container, rather than the package surfaces. A
similar approach was also used for the TN-68 package, except that in the COBRA-SFS analysis, the rail
car and package support cradle were neglected.
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Figure 5.4. Cross-section of Tunnel (diagram not to scale) Showing “Top”, “Side”, and “Bottom”
Regions for Fire Boundary Temperatures

5.2 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-
paramcter [inite-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 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 onc-half section of symmetry. Figure 5.5 shows a
» diagram of the center cross-section of the basket and support rails as represented in the COBRA-SFS
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model. The fuel assemblies within the basket are each modcled as detailed rod and subchannel arrays,
and the tubes containing the fuel assemblies are represented using solid conduction nodes.
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Figure 5.5. 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 arc not included in the diagram

shown in Figure 5.5.) The half-scction of the TN-68 package is represented with approximately 69,000

fluid nodes, 53,000 fuel nodes, and more than 16,000 solid conduction nodes. ‘
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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 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 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 reasonably 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 those of hot air at the end of the fire. The material
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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 SAR were verified and then used in the analyses [9].
The material properties used in this evaluation are given in Appendix A.

5.3 Model of HI-STAR 100 Transportation Package

The ANSYS model of the HI-STAR 100 package consists of a dctailed three-dimensional representation
of a half-section of symmetry for the package, its cradle support'’, and the rail car decking directly below
the cradle. (The remainder of the rail car was omitted from the model, as a conservatism, 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 SHELLS57
thermal elements for conduction. It used two groups of 13,573 SURF152 surface effect elements for
handling convection states in the pre-fire steady state and the fire accident transient. For radiation
interaction, 288 highly structured AUX-12 generated MATRIXS50 superelements were constructed using
SHELLS7 elements. Solar insolation (from 10CFR71 [1]) for the pre-fire condition was assigned via heat
gencration to the first group of 13,573 SURF152 surface effect clements. A portion of the model is
shown in Figure 5.6. (In this figure most of the tunnel has been omitted for clarity.)

AN

Figure 5.6. ANSYS HI-STAR 100 Package Analysis Model Element Plot

"*Dimensions and materials for the rail car decking and the cradle were based on specifications (as of June 2005)
from the package vendor. Cradle design determines the height of the package within the tunnel, the geometry of
direct conduction paths to and from the package, and can affect thermal shielding of the package during the fire.

5.8




The material properties from the package vendor's SAR 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 5.7 through 5.11 show cross-sections of the HI-STAR model highlighting key features that were
included.

Figure 5.7 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 and rail
car sections were modeled as hollow enclosures. All internal thermal radiation exchange for these two
enclosures were accounted for using AUX-12 generated MATRIXS50 superelements (constructed with
SHELLS57 elements). Convection influences were accounted for using SURF152 elements with the extra
node option.

Figure 5.7. Cross-section of Package, Cradle, and Rail Car Section

Conduction within the cradle and trailer material sections was also accounted for using additional
SHELLS?7 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 (secven for each — not shown
in Figure 5.7). Section 6 presents a discussion of the natural convection correlations used in this analysis.
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Figure 5.8 shows the cross-section of the package and canister, with the overall basket structure. As in
Figure 5.7, all helium conduction volumes have been removed for visualization purposes. This figure
shows the 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.

AN

BalbLimore Tunnel Fize A w/Holles Hi-Stac/MPC-241 3/1C/04

Figure 5.8. Cross-section of HI-STAR Package and MPC-24 Canister

The model cross-section in Figure 5.9 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 5.8 and 5.9). To account for the probability of gaps between the five steel
shells 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
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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, during the fire, 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
conscrvatively maximize the heat input into the package. A complete list of the material properties used
in this evaluation is presented in Appendix B.

bBalzimore Tunnsl Fire Ana

Figure 5.9. Close-up of Package Cross-section

Figure 5.10 presents a detailed view of the basket cross-section showing a typical basket fuel
compartment (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 the
package containment/inner shell (lime). The same features are shown in Figure 5.11 with the elements
for the helium regions included.

Westinghouse 17x17 OFA fuel was modeled in 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 fucl compartment, and the effect of
cover gas pressurization.




Figure 5.10. Close-up of Canister Basket and Fuel Compartment (without helium elements)

Figure 5.11. Close-up of Canister Basket and Fuel Compartment (with helium elements)
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Axial conductivity for the homogenized fuel region was modcled 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 dioxide fucl. 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.

Radiation interaction within the basket, canister, and package was modcled by unsclecting all helium
regions and coating each interacting set of surfaces forming an enclosure with SHELL57 elements with
specified emissivities. The SHELLS7 elements were then used to produce highly structured AUX-12
generated MATRIXS0 superelements, each defined by an enclosure. A total of 269 MATRIX50
superelements were defined to capture the radiation interaction within the package and canister.

Figure 5.12 shows an element plot of the top impact limiter honeycomb core and steel substructure of the
HI-STAR 100 package, including the loltite-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 5.13 shows the top impact limiter skin and support structure, without the honeycomb core and the
neutron shield materials included.
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Figure 5.12. Complete Impact Limiter (Except Skin)
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Figure 5.13. Impact Limiter Skin and Primary Support Structure

The impact limiters arc assembled with five different 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 propertics published by the honeycomb manufacturer [17]. Radiation interaction
between the package ends and impact limiters was modcled by coating each respective interacting set of
surfaces with SHELL57 elements with specified emissive material propertics. The SHELL57 elements
were then used to produce highly structured AUX-12 generated MATRIXS50 superelements. A total of 16
MATRIXS50 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.

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. (The
natural convection correlations used are presented in Section 6.) Convection coefficients of heat
conductance were conscrvatively 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 expansion. These
valucs were returned to normal after the end of the fire.




The tunnel structure 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 tunnel enclosurc was divided into three regions; top, side, and bottom
(as illustrated in Figurc 5.4). The bottom region consisted of the [loor of the enclosure. The top region
was conservatively considered to be all surfaces 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. The specified boundary
temperatures for each region section are the maximum calculated in that region (top, side, and bottom,
corresponding to ceiling, wall, and floor in the FDS simulation from NIST; see Section 6). 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.

To determine the convection heat transfer to the package during the fire scenario, the exposed surfaces of
the package were also divided into three regions. The top region was defined as all surfaces above an
elevation of 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 each of these sections are pictured in Figures 5.14, 5.15 and 5.16.
Forced and natural convection correlations and specially constructed automated subroutines written in
APDL were used to continuously evaluate and update the assigned convective coefficients of heat
conductance for the surface of the package during pre-fire, fire, and post-fire phases based on gas
velocity. 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.

AN

Figure 5.14. Surfaces Defined for Interaction with “Top” Gas Region
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Figure 5.15. Surfaces Defined for Interaction with “Side” Gas Region
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Figure 5.16. Surfaces Defined for Interaction with “Bottom” Gas Region
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Radiation interaction between the transport system (with its partial conveyance) and the tunnel surfaces
was established by coating all respective interacting surfaces with. SHELLS57 elements with specified
emissive material properties. The SHELL57 clements were then used to produce a highly structured
AUX-12 generated MATRIXS50 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 < ¢ <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
in the initial pre-fire steady state were closed, and perfect contact for conduction 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, all
aluminum honeycornb and neutron shield resin materials were assumed to remam intact during the full
duration of the fire, to maxmuze heat input during the fire.

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

5.4 Model of NAC LWT Tfansportation Package

The model for the NAC LWT package constructed in ANSYS is similar in structure to the HI-STAR 100 .
model described in Section 5.3, with the additional feature that the. NAC LW'I' package is enclosed in an ‘
ISO container'®. A detailed 3-D model of a half-section of symmetry was developed for the package and
ISO container, within the same tunnel geometry as that used for the HI-STAR 100 model. A diagram of
the package and shipping container model and partial tunnel is shown in Figure 5.17. The model used
40,333 SOLID70 8-node brick elements and 3,409 SHELLS7 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

8 The CoC for this SNF package requires that it be enclosed in either a personnel barrier (PB) or an ISO container.
Current DOE policy requires an ISO for truck casks shipped by rail, and every rail shipment of the LWT to date has
been in an ISO container.
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surfaces. The surface effect elements were also used to generate solar insolation loads for calculation of
the initial temperature distribution for the package.
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Figure 5.17. ANSYS NAC LWT Package Analysis Model Element Plot ‘

The model geometry was developed from the vendor’s engineering drawings from the package SAR [11].
The model cross-section is shown in Figure 5.18. 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.

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 cthylenc glycol and watcr
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.

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 5.19). 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.




E_x

Legal Weight Truck (LWT) Cask w/ 180, 2.5kW, BTF

Figure 5.18. Cross-section of NAC LWT Package

! Figure 5.19. NAC LWT Package Geometry
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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 model of the package and container is

oriented horizontally in the tunnel with the center of the ISO container 97.7 inches (248 cm) above the

tunnel floor.

Heat exchange via conduction, convection, and radiation was modeled in appropriate detail 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 separately implemented.

Westinghouse 17x17 OFA fuel was modeled in this evaluation. The fuel region was represented 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 SHELLS7 elements 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 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 and physical condition. 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 MATRIXS50 superelement procedure described in Section 5.3
for the Holtec HI-STAR 100 model. The convection calculations were based on empirical relations for
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frce convection over flat plates and cylinders (see Section 6). Convection was implemented using
SURF152 clements. These elements are defined on the exterior surface of a body and connect to the
designated sink temperature assigned to a single node (called a “space node”) to compute the heat flux.
Because convection heat transfer rates arc expected to vary in different regions throughout the ISO
container, the single volume was divided into 17 zoncs. 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 5.20).
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Figure 5.20. Zones for Convection Heat Transfer Within the ISO Container

A sink temperaturc 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 clements based on the temperature difference between the surface
and sink tcmperature, 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.

Convection and radiation are also the two mechanisms 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 clements with
a constant convection coefficient of 0.891 Btu/hr-ft>-°F (5.06 W/m’-°K) and an ambient temperature of
100°F (38°C). Solar insolation is incorporated by using SURF152 clements with heat generation on the
outer surface at the rate specified in 10CFR71 [1].
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During the fire, the sink node temperature for each of 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 tunnel, and applied to three zones defined on the top, sides, and bottom of the

ISO container, as illustrated in Figure 5.21. 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.
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Figure 5.21. Zones for External Radiation Between ISO Container and Tunnel Surfaces

Thermal radiation between the container and the tunnel during and after the fire is incorporated by the
MATRIXS50 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.

The material properties used in the thermal 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. More comprehensive material properties were
needed for the lead comprising the gamma shielding, to accommodate the effects of melting and
resolidification during the transient. For the impact limiters, the significant void volume of the aluminum
honeycomb material reduces the heat transfer capability compared to the same thickness of solid material.
The thermal conductivity assigned to elements modeling 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 the
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. After that point, 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 relatively small deduction from the total energy imparted to the package.

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 I0CFR71.71 [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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i 6 ANALYSIS METHOD

The National Institute of Standards and Technology (NIST) performed analyses using the FDS code, to
determine the type of fire that could have been sustained during the accident in the Howard Street tunnel
and the possible fire duration. A conservative simulation was used to define the boundary conditions for
COBRA-SFS and ANSYS evaluations of the thermal response of the selected spent fuel transportation
packages. Section 6.1 lists the assumptions underlying the analytical approach used and describes in detail
the boundary conditions obtained from the selected FDS simulation. 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 defined for each package. Section 6.3 describes the procedure
used for the transient calculations. :

6.1 Modeling Assumptions and Boundary Conditions

A number of conservative assumptions were made in the 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 greatcst impact are listed below. ,

(1) Boundary conditions were taken from a conservative simulation in which the fire is predicted to
burn at a rate that is approximately an order of magnitude hotter than the rate predicted for the
actual environment within the tunnel. In this conservative simulation, the fire was assumed to be
fully ventilated, with a relatively small pool area, and burned until the entire supply of tnpropylene

‘ fuel was consumed by combustion (as described in Sectxon 2).

(2) Boundary temperatures for the analyses in the current study 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 or average temperatures
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
regions may not see the peak temperature on any surface. (For example, the uppermost surface of
the package (in the horizontal orientation) is not high enough to be 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.) -

(3) 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 package and the ANSYS model of the NAC LWT package
within the ISO container. This approach eliminated any shielding of these packages from thermal
radiation and convective heat transfer from the tunnel environment.
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(4) During the fire (0 < ¢ < 7 hr) and in the short-term post-fire cool down (7 hr < ¢ < 30 hr), it was ‘
assumed that convection heat transfer at the package surface was forced convection only (due to air
flow induced in the tunnel by the temperature gradients of the fire), using 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
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 relatively small values.

(5) The effect of optical densification due to combustion products and material degradation, which
would tend to attenuate the radiation influence between the tunnel and package surfaces, was 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 surfaces.

(6) The wooden impact limiters on the TN-68 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 value for
the nodes representing this material was reduced to that of charcoal. As a result, these components
then present an added thermal barrier to heat removal from the package after the fire.

(7) Similarly, the aluminum honeycomb impact limiters on the NAC LWT and the HI-STAR 100 were
assumed to remain intact during the fire. At the end of the fire, the thermal conductivity values for
the portions of the impact limiters that had exceeded the melting temperature of aluminum were
reduced to that of air. The thermal energy absorbed in the melting process, however, was
conservatively neglected, and was not subtracted from the heat input to the package during the fire.

(8) For the TN-68 and the HI-STAR 100, the resin materials comprising their neutron shielding 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 neutron shield region then presents an added thermal barrier to heat removal from the package
following the fire; however, the thermal energy absorbed in the process of melting and volatizing
the resin material of the neutron shielding was conservatively neglected, and was not subtracted
from the heat input to the package during the fire. '

(9) For the NAC LWT, the ethylene glycol and water mixture comprising the package’s neutron
shielding was assumed to remain in liquid form during the fire until the average temperature in the
shield tank reached the boiling point of the fluid. The fluid in the expansion tank was treated in a
similar manner. This conservative approach acts to maximize the heat input into the package '
during the fire. After the average temperature in the tank exceeded the boiling point of the fluid,
heat transfer through the tank was reduced to conduction and thermal radiation through air. Asa
result, the neutron shield region then presents an added thermal barrier to heat removal from the
package; however, the thermal energy absorbed in the process of boiling off the large mass of liquid
was conservatively neglected, and was not subtracted from the heat input to the package.

6.2




(10) In all three analyses, the package was assumed to be only 66 fl (20 m) 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 rail cars carrying radioactive materials to be separated
by at least one rail car (a buffer car) from other cars carrying hazardous materials or flammable
liquids, 66 ft (20 m) is the shortest possible distance in this fire scenario between a hypothetical rail
car carrying an SNF package and the tank car carrying liquid tripropylene.

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 the entire tunnel length, from the west portal (tunnel entrance) to the east
portal (tunnel exit). The results obtained for the radial plane at the location 66 ft (20 m) from the center
of the fire were used to define 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 (see Figure 5.4). 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.

The peak temperature-vs.-time and velocity-vs.-time values from the FDS simulation 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. (The selected
FDS results for this simulation are shown graphically in Appendix D, along with the smoothed values
used in the ANSYS and COBRA-SFS calculations.) 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 are
shown in Figure 6.2. Figure 6.3 shows the smoothed velocities predicted in the NIST analyses at the
locations of the peak gas temperatures shown in Figure 6.1.

The gas temperatures (Figure 6.1) and velocities (Figure 6.3) were used to define convection heat transfer
on the top, side, and bottom regions of the package surfaces. The peak tunnel surface temperatures
(Figure 6.2) were used to define the boundary conditions for radiation heat transfer between tunnel
surfaces and the exposed surfaces of the package. For the ANSYS models of the HI-STAR 100 and LWT
packages, these tcmpceraturcs were applied to corresponding tunnel surface elements comprising the
ceiling, walls, and floor. For the COBRA-SFS model of the TN-68 package, radiation exchange with the
tunnel walls, ceiling, and floor was incorporated 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 surfaces were
determined using a conventional ray-tracing scheme. (These view factors are listed in Appendix E.)
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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 Transicnt Tunnel Surface Temperatures for Floor, Walls, and Ceiling |

(smoothed values, NIST 20-m data)
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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 time-dependent Nusselt number values at the top, sides and bottom of the package. These
values were used to define the local surface heat transter coefticient 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 (Re; < 500,000),  Nu, =0.665Re}” Pr'"’

for turbulent flow (Re, > 500,000),  Nu, =0.032Re{* Pr'"

The characteristic length, L, used to define the Nusselt number and Reynolds number for this application
is the package body horizontal length. For the TN-68, a value of 160 inches was used, and for the HI-
STAR 100, a value of 173 inches was used. Both were 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.

6.5




The peak air temperatures (see Figure 6.1) 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 rclationship, local surface temperatures, T,
are calculated, and the convection component ot the heat flux at the surface is solved for using the
formula

" k
9o = Nul, I_(Ts _Tair)
where k = thermal conductivity of ambient air
L = characteristic length
T, = package surface temperature
T.ir = 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 resulting local convection heat transfer coefficients calculated at the top,
sides and bottom of the TN-68 package with the COBRA-SFS model during the 30 hours of the NIST

transient simulation.
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Figure 6.4. Convection Heat Transfer Coefficients at Package Surface from NIST 20 m Air
Temperature and Velocity Predictions
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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 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:

q"= q"cunv + q"md

The tunnel surface tempefature 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

Q" = 8iBij Ogp (T4 T:nrl')

package
where & = emissivity of surface i
. B; = blackbody viewfactor from surface i to

osg = Stefan-Boltzmann constant
Tswt = tunnel ceiling, wall or floor surface temperature
Truckage = 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 dlameter and a uniform axial
node length along the length of the package. (See Appendix E.)

Radiation interaction between the tunnel surfaces and the package surfaces in the HI-STAR 100 model

_ was cstablished through the use of ANSYS superelement definitions, as described in Section 5 above.
(The same approach was used to define thermal radiation between the tunnel and the ISO container
surfaces in the NAC LWT <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>