UNITED STATES
NUCLEAR REGULATORY COMMISSION
' WASHINGTON, D.C. 20555-0001

February 11, 2000

Jears

MEMORANDUM TO: Michael E. Mayfield, Acting Director
Division of Engineering Technology, RES

Thomas L. King, Director
Division of Risk Analysis and Applications, RES

FROM: M. Wayne Hodges, Deputy Director WW /10701/»——

Technical Review Directorate, SFPO

SUBJECT: REQUEST FOR TECHNICAL ASSISTANCE FOR PROBABILISTIC RISK
ASSESSMENT OF DRY STORAGE OF SPENT FUEL )

In & follow-on to our February 1, 2000, meeting, Spent Fuel Project Office (SFPO) staff met
February 3 to discuss (1) technical issues related to our user need letter for the risk
assessment of dry storage of spent fuel and (2) short-term support for upcoming hearings
related to Private Fuel Storage (PFS) licensing activities. It is our understanding that the PFS
hearing will begin June 15, 2000, therefore, your final input is needed by end of May. The Dry
Spent Fuel Storage Probabilistic Risk Assessment (PRA) Review Team agreed that the final
product be peer reviewed. | support that recommendation. A draft of your results would be
appreciated prior to that date.

Regarding the June 2000 needs, we request your assistance in the following areas:

1. Quantify the probability of experiencing a leak in the multi purpose cask (MPC) under
‘normal conditions for three ambient temperatures (e.g., 77°F, 100°F, and 125°F).
Include the uncertainty distribution for the probability. The MPC temperature profiles will
be provided by Holtec. Please identify the level of detail you need for your analyses.
For example, do you need the peak temperature or the temperature gradient across the
stainless steel shell?

We appreciate that you cannot define the exact hole size once a crack propagates
through the MPC. An explanation of the assumption and implications is acceptable.

2. Quantify the probability of experiencing a leak in the HI-STORM spent fuel storage
system under the worst Accident Condition Loading Combinations analyzed in the
Safety Analysis Report (include uncertainty distribution).
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3. For a postulated welding defect resulting in a leak below the technical specification limit,
quantify the probability of the welding defect growing to a larger size, thereby exceeding
the technical specification leak rate.

4. Provide a best estimate quantification, with uncertainty bounds, of the source terms that
can escape & postulated hole size of 6.4E-4 cm (applicant’s assumption) and resulting
dosage for a person 100 meters away from the MPC. Assume 1 percent, 10 percent,
and 100 percent of the fuel rods are breached. Account, among other conditions, for
the potential plating of radionuclides on internal surfaces of the MPC and settling of
particulates that cannot be suspended by natural circulation of gases within the MPC.
You may want to review the methods used in Draft NUREG-0170. Any method used
should be fully supported by RES (e.g., may be used in the hearings). A copy of
SFPO's interim staff guidance on performing confinement calculations and selected
sections from NUREG-0170 is attached for your information. The method for your
calculation is of your choosing. The licensing basis source terms for the HI-STORM
system are attached for your information.

Both the short and long term issues that support the PRA will be coordinated through the review
team consisting of the following individuals:

PRAB: Alan Rubin, Ed Rodrick, Chris Ryder

MEB: Ed Hackett, others.

SMSAB: Charles Tinkler, others

SFPO: . Eric Leeds, Earl Easton, Chris Regan, Ron Parkhill, Henry Lee, Jack Guttmann,

others (SFPO will provide issue specific experts, as needed).
‘Your assistance in this matter is greatly appreciated.

Attachments:

1. ISG-5, Rev. 1

2. NUREG-0170, Sect. 7

3. Licensing Basis Source Terms
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ATTACHMENT 1
ISG-5, Rev. 1

CONFINEMENT EVALUATON



Spent Fuel Project Office
Interim Staff Guidance - 5, Revision 1

Issue: Confinement Evaluation

Discussion:

Several changes have occurred since the issuance of NUREG-1536, “Standard Review Plan
(SRP) for Dry Cask Storage Systems,” that affect the staf’s approach to confinement
evaluation. The attachment to this ISG integrates the current staff approach into a revision of
ISG-5. The highlights of the changes include:

. -Reflects October 1998 revisions to 10 CFR 72.104 and 10 CFR 72.106.

. Expands and clarifies acceptance criteria associated with confinement analysis and
acceptance of “leak tight” testing instead of detailed confinement analysis.

. Updates staff review guidance for design and requirements for the cask seal monitoring
system and adds guidance for accident analysis of “latent” failure concems.

. Updates source term guidance to (1) include 1SG-56 recommendations, (2) include
actinide activity that contributes greater than 0.01% of the design basis activity, and
(3) allow for a reduction of fines that-can escape the cask (mth justification by
applicant).

. Deletes non-mechanistic (confinement boundary failure) accident analysis and revise
staff review guidance for evaluation of normal, off-normal, and accident cases. The
significant change is that the evaluated leaks are related to the as-tested leak rate.

. Updates confinement analysis section to reflect ISG-5 and describe what types of
analysis should be done. Dose to lens of the eye will be addressed if skin dose and
TEDE do not exceed 15 rem.

Regulatory Basis: See attachment

Technical Review Guidance:

To ensure consistency in reviews, consolidate various references, and simplify the reviews, the
guidance in the attachment to this ISG should be used instead of SRP Chapter 7.



ISG-5, Rev. 1 2

Recommendation:

SRP, Chapter 7, should be replaced with attached confinement evaluation. In addition, SRP
Chapter 11 Section V.2 should be revised regarding classification of the monitoring system to

be consistent with SRP Chapter 7. Further, SRP Chapter 2 Section V.2.b.(3)(e) should be
updated to remove reference to non-mechanistic failure of confinement boundary event.

Approved

E. William Brach Date

Attachment: As stated



ATTACHMENT TO ISG-5 REVISION 1
CONFINEMENT EVALUATION

. Review Objective

In this portion of the dry cask storage system (DCSS) review, the U.S. Nuclear Regulatory

Commission (NRC) evaluates the confinement features and capabilities of the proposed cask

_ system. In conducting this evaluation, the NRC staff seeks to ensure that radiological releases
to the environment will be'within the limits established by the regulations and that the spent fuel

cladding and fuel assemblies will be sufficiently protected during storage against degradation

that might otherwise lead to gross ruptures.

Il. Areas of Review

This chapter of the DCSS Standard Review Plan (SRP) provides guidance for use in evaluating
the design and analysis of the proposed cask confinement system for normal, ofi-normal, and
accident conditions. This evaluation includes a more detailed assessment of the confinement-
related design features and criteria initially presented in Sections 1 and 2 of the applicant’s
safety analysis report (SAR), as well as the proposed confinement monitoring capability, if
applicable. In addition, the NRC staff assesses the anticipated releases of radionuclides
associated with spent fuel, by independently estimating their leakage to the environment and
the subsequent impact on a hypothetical individual located beyond the controlled area
boundary.

As prescribed in 10 CFR Part 72, the regulatory requirements for doses at and beyond the
controlled area boundary include both the direct dose and that from an estimated release of
radionuclides to the atmosphere (based on the tested leaktightness of the confinement). Thus,
an overall assessment of the compliance of the proposed DCSS with these regulatory limits is
deferred until Chapter 10, “Radiation Protection,” of this SRP. In addition, the performance of
the cask confinement system under accident conditions, as evaluated in this section, may also
be addressed in the overall accident analyses, as discussed in Chapter 11 of this SRP.

As described in Section V, “Review Procedures,” a comprehensive confinement evaluation may
encompass the following areas of review:

1. confinement design characteristics

a. design criteria

b. design features

confinement monitoring capability

nuclides with potential for release

confinement analyses

a. normal conditions

b. leakage of one seal

c. accident conditions and natural phenomenon events
5. supplemental information

rpON
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lll. Regulatory Requirements
1. Description of Structures, Systems, and Components Important to Safety

The SAR must describe the confinement structures, systems, and components (SSCs)
important to safety in sufficient detail to facilitate evaluation of their effectiveness. [10 CFR
72.24(c)(3) and 10 CFR 72.24())]

2. Protection of Spent Fuel Cladding

The design must adequately protect the spent fuel cladding against degradation that might
otherwise lead to gross ruptures during storage, or the fuel must be confined through other
means such that fuel degradation during storage will not pose operational safety problems with
respect to removal of the fuel from storage. [10 CFR 72.122(h)(1)]

3. Redundant Sealing

The cask design must provide redundant seal)ing of the confinement boundary. [10 CFR
72.236(e)]

4. Monitoring of Confinement System

Storage confinement systems must allow continuous monitoring, such that the licensee will be
able to determine when to take corrective action to maintain safe storage conditions. [10 CFR
72.122(h)(4) and 10 CFR 72.128(a)(1)]

5. Instrumentation

The design must provide instrumentation and controls to monitor systems that are important to
safety over anticipated ranges for normal and off-normal operation. In addition, the applicant
must identify those control systems that must remain operational under accident conditions.
[10 CFR 72.122(j)]

6. Release of Nuclides to the Environment

The applicant must estimate the quantity of radionuclides expected to be released annually to
the environment. [10 CFR 72.24(1)(1)]

7. Evaluation of Confinement System

The applicant must evaluate the cask and its systems important to safety, using appropriate
tests or other means acceptable to the Commission, to demonstrate that they will reasonably
maintain confinement of radioactive material under normal, off-normal, and credible accident
conditions. [10 CFR 72.236(l) and 10 CFR 72.24(d)]

In addition, SSCs important to safety must be designed to withstand the effects of credible

accidents and severe natural phenomena without impairing their capability to perform safety
functions. {10 CFR 72.122(b)] ,
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8. Annual Dose Limit in Effluents and Direct Radiation from an Independent Spent Fuel
Storage Installation (ISFSI) .

During normal operations and anticipated occurrences, the annual dose equivalent to any real
individual who is located beyond the controlled area must not exceed 0.25 mSv (25mrem) to the
whole body, 0.75 mSv (75mrem) to the thyroid, and 0.25 mSv (25mrem) to any other critical
organ. [10 CFR 72.104(a)]

V. Acceptance Criteria

In general, DCSS confinement evaluation seeks to ensure that the proposed design fulfills the
following acceptance criteria, which the NRC staff considers to be minimally acceptable to meet
the confinement requirements of 10 CFR Part 72:

1. The cask design must provide redundant sealing of the confinement boundary. Typically,
this means that field closures of the confinement boundary must either have two seal welds
or two metallic O-ring seals.

2. The confinement design must be consistent with the regulatory requirements, as well as the
. applicant’s “General Design Criteria” reviewed in Chapter 2 of this SRP. The NRC staff has
accepted construction of the primary confinement barrier in conformance with Section I,
Subsections NB or NC, of the Boiler and Pressure Vessel (B&PV) Code' promulgated by
the American Society of Mechanical Engineers (ASME). (This code defines the standards
for all aspects of construction, including materials, design, fabrication, examination, testing,
inspection, and certification required in the manufacture and installation of components.) In

such instances, the staff has relied upon Section lll to define the minimum acceptable
margin of safety; therefore, the applicant must fully document and completely justify any
deviations from the specifications of Section lll. In some cases after careful and deliberate
consideration, the staff has made exceptions to this requirement.

3. The applicant must specify the maximum allowed leakage rates for the total primary
confinement boundary and redundant seals. Applicants frequently display this information
in tabular form, including the leakage rate of each seal. The maximum allowed leakage rate
is the “as tested” leak rate measured by the leak test performed on the cask field closure.
Generally, as discussed in items a. through d., below, the allowable leakage rate must be
evaluated for its radiological consequences and its effect on maintaining an inert
atmosphere within the cask. However, for storage casks having closure lids that are’
designed and tested to be “leak tight’, as defined in “American National Standard for
Leakage Tests on Packages for Shipment of Radioactive Materials,” ANSI N14.5-1997%, the
analyses discussed in a. through d., below, are unnecessary.*

a. The applicant’s leakage analysis should be consistent with the methods described in
ANSI N14.5-1997.

* For casks that are demonstrated to be leak tight, the review procedures discussed in
sections V.3 and V.4 are not applicable.
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b. During normal operations and anticipated occurrences, dose calculations based on the
allowable leakage rate must demonstrate that the annual dose equivalent to any real
individual who is located at the boundary or outside the controlled area does not exceed
the limits given in 10 CFR 72.104(a).

c. After a design-basis accident, dose calculations based on the allowable leakage rate
must demonstrate that an individual at the boundary or outside the controlled area does
not receive a dose that exceeds the limits given in 10 CFR 72.106(b).

d. The applicant’s leakage analysis must demonstrate that an inert atmosphere will be
maintained within the cask during the storage lifetime.

4. The applicant should describe the proposed monitoring capability and/or surveillance plans
for mechanical closure seals. In instances involving welded closures, the staff has
previously accepted that no closure monitoring system is required. This practice is
consistent with the fact that other welded joints in the confinement system are not
monitored. However, the lack of a closure monitoring system has typically been coupled
with a periodic surveillance program that would enable the licensee to take timely and
appropriate corrective actions to maintain safe storage conditions if closure degradation
occurred.

To show compliance with 10 CFR Part 72.122(h)(4), cask vendors have proposed, and the
staff has accepted, routine surveillance programs and active instrumentation to meet the
continuous monitoring requirements. The reviewer should note that some DCSS designs
may contain a component or feature whose continued performance over the licensing
period has not been demonstrated to staff with a sufficient level of confidence. Therefore
the staff may determine that active monitoring instrumentation is required to provide for the
detection of component degradation or failure. This particularly applies to components
whose failure immediately affects or threatens public health and safety. In some cases the
vendor or staff in order to demonstrate compliance with 10 CFR Part 72.122(h)(4), may
propose a technical specification requiring such instrumentation as part of the initial use of a
cask system. After initial use, and if warranted and approved by staft, such instrumentation
may be discontinued or modified.

5. The cask must provide a non-reactive environment to protect fuel assemblies against fuel
cladding degradation, which might otherwise lead to gross rupture.® Measures for providing
a non-reactive environment within the confinement cask typically include drying, evacuating
air and water vapor, and backfilling with a non-reactive cover gas (such as helium). For dry
storage conditions, experimental data have not demonstrated an acceptably low oxidation
rate for UO, spent fuel, over the 20-year licensing period, to permit safe storage in an air
atmosphere. Therefore, to reduce the potential for fuel oxidation and subsequent cladding
failure, an inert atmosphere (e.g., helium cover gas) has been used for storing UO, spent
fuel in a dry environment. (See Chapter 8 of this SRP for more detailed information on the
cover gas filling process.) Note that other fuel types, such as graphite fuels for the high-
temperature gas-cooled reactors (HTGRs), may not exhibit the same oxidation reactions as
UO, fuels and, therefore, may not require an inert atmosphere. Applicants proposing to use
atmospheres other than inert gas should discuss how the fuel and cladding will be protected
from oxidation.
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V. Review Procedures
1. Confinement Design Characteristics

a. Deslgn Criteria

Review the principal design criteria presented in SAR Section 2, as well as any additional detail
provided in SAR Chapter 7.

b. Design Features

Review the general description of the cask presented in SAR Section 1, as well as any
additional information provided in SAR Section 7. All drawings, figures, and tables describing
confinement features must be sufficiently detailed to stand alone.

Verify that the applicant has clearly identified the confinement boundaries. This identification
should include the confinement vessel; its penetrations, valves, seals, welds, and closure
devices; and corresponding information concerning the redundant sealing.

Verify that the design and procedures provide for drying and evacuation of the cask interior as
part of the loading operations, and that the design is acceptable for the pressures that may be
experienced during these operations.

Verify that, on completion of cask loading, the gas fill of the cask interior is at a pressure level
that is expected to maintain a non-reactive environment for at least the 20-year storage life of
the cask interior under both normal and off-normal conditions and events. This verification can
include pressure testing, seal monitoring, and maintenance for casks with seals that are not
welded if these are included in chapter 12 as conditions of use. The NRC has previously
accepted specification of an overpressure of approximately 14 kilopascals (~2 psig) and cask
leak testing as conditions of use for satisfying this requirement. In addition, if conditions of use
require routine inspection of seals by the pressure testing of the cask interior, the cask fill
pressure may be linked to that activity.

Coordinate with the structural reviewer (Chapter 3 of this SRP) to ensure that the applicant has
provided proper specifications for all welds and, if applicable, that the bolt torque for closure
devices is adequate and properly specified.

If applicable, assess the seals used to provide closure. Because of the performance
requirements over the 20-year license period, evaluate the potential for deterioration. The NRC
staff has previously accepted only metallic seals for the primary confinement. Coordinate with
the thermal reviewers (Chapter 4 of this SRP) to ensure that the operational temperature range
for the seals, specified by the manufacturer, will not be exceeded.

2. Confinement Monitoring Capabllity
The NRC staff has found that casks closed entirely by welding do not require seal mdnitoring.

However, for casks with bolted closures, the staff has found that a seal monitoring system has
been needed in order to adequately demonstrate that seals can function and maintain a helium
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atmosphere in the cask for the 20-year license period. A seal monitoring system combined with
periodic surveillance enables the licensee to determine when to take corrective action to
maintain safe storage conditions. (Note that some fuel designs may not require an inert
atmosphere in the cask. In such designs, a periodic surveillance program to check seal leak
tightness may be appropriate.)

Although the details of the monitoring system may vary, the general design approach has been
to pressurize the region between the redundant seals, with a non-reactive gas, to a pressure
greater than that of the cask cavity and the atmosphere. The monitoring system is leakage
tested to the same leak rate as the confinement boundary. Installed instrumentation is routinely
checked per surveillance requirements. A decrease in pressure between these seals indicates
that the non-reactive gas is leaking either into the cask cavity or out to the atmosphere. For
normal operations, radioactive material should not be able to leak to the atmosphere; hence this
design allows for detecting a faulty seal without radiological consequence. Note that the
volume between the redundant seals should be pressurized using a non-reactive gas, thereby
preventing contamination of the interior cover gas.

The staff has accepted monitoring systems as not important to safety and classified as
Category B under the guidelines of NUREG/CR-6407*. Although its function is to monitor
confinement seal integrity, failure of the monitoring system alone does not result in a gross
release of radioactive material. Consequently, the monitoring system for bolted closures need
not be designed to the same requirements as the confinement boundary (i.e., ASME Section I,
Subsections NB or NC).

Dependant on the monitoring system design, there could be a lag time before the monitoring
system indicates a postulated degraded seal leakage condition. Degraded seal leakage is
leakage greater than the tested rate that is not identified within a few monitoring system
surveillance cycles. The occurrence of a degraded seal without detection is considered &
“latent” condition and should be presumed to exist concurrently with other ofi-normal and
design-basis events (see SRP section 2, paragraph V.2.b.). Note that once the degraded sea!
condition is detected, the cask user will initiate corrective actions.

For the off-normal case, the monitoring system boundary remains intact and this condition
would be bounded by the off-normal analysis. If the monitoring system would not maintain
integrity under design-basis accident conditions, additional safety analysis may be necessary.
The staff recognizes that the possibility of a degraded seal condition is small and that the
possibility of a degraded seal condition concurrent with a design-basis event that breaches the
monitoring system pressure boundary is very remote. However, these probabilities have not
been quantified. To address this concern, the staff accepts a demonstration that the probability
of occurrence of a latent, degraded seal, condition concurrent with & design basis event that
breaches the monitoring system boundary is acceptably low (e.g. less than 1 X 10 per year).
Alternatively, the staff accepts a demonstration that the dose consequences of this event are
within the limits of 10 CFR 72.106(b).

Examine the specified pressure of the gas in the monitored region to verify that it is higher than

both the cask cavity and the atmosphere. Coordinate with the structural and thermal reviewers
(Chapters 3 and 4 of this SRP) to verify the pressure in the cask cavity.
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Review the applicant’s analysis to verify that the total volume of gas in the seal monitoring
system is such that normal seal leakage will not cause all of the gas to éscape over the lifetime
of the cask. In determining the proposed maximum leakage rate, the applicant should consider
the volume between the redundant seals of the confinement cask, the minimum pressure to be
maintained, and the length of the proposed routine recharge cycle. The applicant should then
specify the leakage rate as an acceptance test criterion in SAR Section 9, even though the
actual leakage rate of the seals is expected to be significantly lower.

For redundant seal welded closures, ensure that the applicant has provided adequate
justification that the seal welds have been sufficiently tested and inspected to ensure that the
weld will behave similarly to the adjacent parent material of the cask. Any inert gas should not
leak or diffuse through the weld and cask material in excess of the design leak rate.

Verify that any leakage test, monitoring, or surveillance conditions are appropriately specified in
SAR Sections 9 and 11, the license, and/or the Certificate of Compliance.

3. Nuclides with Pqtential for Release

The NRC staff has determined that, as a minimum, the fractions of radioactive materials
available for release from spent fuel, provided in Table 7-1 for pressurized-water reactor (PWR)
fuel and boiling-water reactor (BWR) fuel for normal, anticipated occurrences (off-normal), and
accident conditions, should be used in the confinement analysis to demonstrate compliance
with 10 CFR Part 72. These fractions account for radionuclides trapped in the fuel matrix and
radionuclides that exist in a chemical or physical form that is not releasable to the environment
under credible normal, off-normal, and accident conditions. Other release fractions may be
used in the analysis provided the applicant properly justifies the basis for their usage. For
example, the staff has accepted, with adequate justification, reduction of the mass fraction of
fuel fines that can be released from the cask.

The staff has accepted the following rod breakage fractions for the confinement evaluations:

1% for normal conditions
10% for off normal conditions
- 100% for design basis accident and extreme natural phenomena

For the source term, the NRC staff has accepted, as a minimum for the analysis, the activity
from the Co® in the crud, the activity from iodine, fission products that contribute greater than
0.1% of design basis fuel activity, and actinide activity that contributes greater than 0.01% of
the design basis activity. In some cases, the applicant may have to consider additional
radioactive nuclides depending upon the specific analysis. The total activity of the design basis
fuel should be based on the cask design loading that yields the bounding radionuclide inventory
(considering initial enrichment, burnup, and cool time).
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Table 7.1

Fractions Avallable for Release™
Variable PWR AND BWR FUEL
Nommal and Ofi- Hypothetical Accident
normal Conditions Conditions
Fraction of gases released due to 0.3 ' 0.3
a cladding breach, fo{ ’ )
Fraction of volatiles released due “ %
to a cladding breach, f,{ 2X10 2X10
Mass fraction of fuel réleased as s 5
fines due to cladding breach, f; 3X10 3X10
Fraction of crud that spalls off "
cladding, . 0.15 1.0'

*  vValues in this table are taken from NUREG/CR-6487°.

* Except for ®Co, only failed fuel rods contribute significantly to the release. Total fraction of
radionuclides available for release must be multiplied by the fraction of fuel rods assumed to have
failed.

+ In accordance with NUREG/CR-6487, gases species include H-3, I-129, Kr-81, Kr-85, and Xe-127;
volatile species include Cs-134, Cs-135, Cs-137, Ru-103, Ru-106, Sr-89, and Sr-90.

¢ The source of radioactivity in crud is ®Co on fuel rods. At the time of discharge from the reactor,
the specific activity, S, is estimated to be 140 pCi/cm? for PWRs and 1254 pCi/em? for BWRs.
Total ®Co activity is this estimate times the total surface area of all rods in the cask®. Decay of
$Co to determine activity at the minimum time before loading is acceptable.

The quantities of radioactive nuclides are often presented in SAR Section 5, since they are
generally determined during the evaluation of gamma and neutron source terms in the shielding
analysis. Coordinate with the shielding review (Chapter 5 of this SRP) to verify that the
applicant has adequately developed the source term.

It is important to recognize that design basis normal or accident conditions resulting in
confinement boundary failure are not acceptable. Preservation of the confinement boundary
during design basis conditions is confirmed by the structural analysis. The confinement
analyses demonstrate that, at the measured leakage rates, and assumed nominal
meteorological conditions, the requirements of 10 CFR 72.104(a) and 10 CFR 72.106(b) can be
met. Each ISFSI, wether it is a site specific or a general license, is also required to have a site
specific confinement analysis and dose assessment to demonstrate compliance with these
regulations.
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4. Confinement Analysis

Review the applicanfs confinement analysis and the resulting doses for the normal, off-normal,
and accident conditions at the controlled area boundary. ' :

The analysis typically includes the following common elements:

« calculation of the specific activity (e.g. Ci/lcm®) for each radioactive isotope in the cask cavity
based on rod breakage fractions, release fractions, isotopic inventory, and cavity free
volume

« using the tested leak rate and conditions during testing as input parameters, calculation of
the adjusted maximum seal leakage rates (Cm%sec) under normal, off-normal, and
hypothetical accident conditions (e.g. temperatures and pressures)

« calculation of isotope specific leak rates (Q, - Ci/sec) by multiplying the isotope specific
activity by the maximum seal leakage rates for normal, off-normal, and accident conditions

« determination of doses to the whole body, thyroid, other critical organs, lens of the eye, and
skin from inhalation and immersion exposures at the controlled area boundary (considering
atmospheric dispersion factors - x/Q)

The applicant should specify maximum allowable “as tested” seal leakage rates as a Technical
Specification, as discussed in Chapter 12. Guidance on the calculations of the specific activity
for each isotope in the cask and the maximum allowable helium seal leakage rates for normal,
off-normal, and accident conditions can be found in NUREG/CR-6487 and ANSI N14.5-1997.
The minimum distance between the casks and the controlled area boundary is generally also a
design criterion; however, 10 CFR Part 72 requires this distance to be at least 100 meters from
the ISFSI. ’

For the dose calculations, the staff has accepted the use of either an adult breathing rate (BR)
of

2.5x10* m%s, as specified in Regulatory Guide 1.1097, or a worker breathing rate of

3.3x10* m¥s, as specified in EPA Guidance Report No. 11°. The dose conversion factors
(DCF) in EPA Guidance Report No. 11 for the whole body, critical organs, and thyroid doses
from inhalation should be used in the calculation. The bounding DCFs from EPA Report No. 11
should be used for each isotope unless the applicant justifies an alternate value. No weighting
or normalization of the dose conversion factors is accepted by the staff. For each isotope, the
committed effective dose equivalent (CEDE;, - for the internal whole body dose) or the
committed dose equivalent (CDE, - for the internal organ dose) are calculated as follows:

CEDE, or CDE;, (in mrem per year for normal/offnormal or mrem per accident)
=Q,* DCF, * x/Q * B-Rate * Duration * conversion factor®

®The conversion factor, if required, converts the input units into the desired form, e.g. mrem/year.
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For the contributions to the whole body, thyroid, critical organs, and skin doses from immersion
(external) exposure, the DCFs in EPA Guidance Report No. 12° should be used. Again, no
weighting or normalization of the dose conversion factors is accepted by the staff.

The deep dose equivalent (DDE, - for the external whole body) and the shallow dose equivalent
(SDE, - for the skin dose) are calculated as follows:

DDE, or SDE, (in mrem per year for normal/offnormal or mrem per accident)
= Q,* DCF,* x/Q * Duration * conversion factor®

" The total effective dose equivalent, TEDE = ¥ CEDE, + ¥ DDE,
For a given organ, the total organ dose equivalent, TODE = }, CDE; + }, DDE,
The total skin dose equivalent SDE = ¥’ SDE, |

Compliance with the lens dose equivalent (LDE) limit is achieved if the sum of the SDE and the
TEEE do not exceed 0.15 Sv (15 rem). This approach is consistent with guidance in ICRP-
26%.

In general, the staff evaluates analyses for normal, off-normal, and accident conditions.
a. Normal Conditions

For normal conditions, a bounding exposure duration assumes that an individual is present
at the controlled area boundary for one full year (8760 hours). An alternative exposure
duration may be considered by the staff if the applicant provides justification.

Because any potential release, resulting from seal leakage, would typically occur over a
substantial period of time, the staff accepts (for applications for certificates) calculation of
the atmospheric dispersion factors (x/Q) according to Regulatory Guide 1.145'" assuming
D-stability diffusion and a wind speed of 5 m/s.

For the likely case of an ISFSI with multiple casks, the doses need to be assessed for a
hypothetical array of casks during normal conditions. Therefore, the staff anticipates that
the resulting doses from a single cask will be a small fraction of the limits prescribed in
10 CFR 72.104(a) to accommodate the array and the external direct dose.

Note: If the region between redundant, confinement boundary, mechanical seals is
maintained at a pressure greater than the cask cavity, the monitoring system boundaries
are tested to a leakage rate equal to the confinement boundary, and the pressure is
routinely checked and the instrumentation is verified to be operable in accordance with a
Technical Specification Surveillance Requirement, the staff has accepted that no discernible
leakage is credible. Therefore, calculations of dose to the whole body, thyroid, and critical
organs at the controlled area boundary from atmospheric releases during normal conditions
would not be required for normal conditions. '
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b. Off-normél Conditions

For off-normal conditions, the bounding exposure duration and atmospheric dispersion
factors (x/Q) are the same as those discussed above for normal conditions.

To demonstrate compliance with 10 CFR 72.104(a), the staff accepts whole body, thyroid,
and critical organ dose calculations for releases from a single cask. However, the dose
contribution from cask leakage should also be a fraction of the limits specified in

10 CFR 72.104(a) since the doses from other radiation sources are added to this
contribution.

¢. Accldent Conditions

For hypothetical accident conditions, the duration of the release is assumed to be 30 days
(720 hours). A bounding exposure duration assumes that an individual is also present at
the controlled area boundary for 30 days. This time period is the same as that used to
demonstrate compliance with 10 CFR 100 for reactor facilities licensed per 10 CFR 50 and
provides good defense in depth since recovery actions to limit releases are not expected to
exceed 30 days.

For hypothetical accidents conditions, the staff has accepted calculation of the atmospheric
dispersion factors (x/Q) of Regulatory Guide 1.145 or Regulatory Guide 1.25" on the basis
of F-stability diffusion, and a wind speed of 1 m/s.

To demonstrate compliance with 10 CFR 72.106(b), the staff accepts whole body, thyroid,
critical organ, and skin dose calculations for releases of radionuclides from a single cask.

5. Supplemental Information

Ensure that all supportive information or documentation has been provided or is readily
available. This includes, but is not limited to, justification of assumptions or analytical
procedures, test results, photographs, computer program descriptions, input and output, and
applicable pages from referenced documents. Reviewers should request any additional
information needed to complete the review.

Vi. Evaluation Findings

Review the 10 CFR Part 72 acceptance criteria and provide a summary statement for each.
These statements should be similar to the following model:

e Section(s) of the SAR describe(s) confinement structures, systems, and
components (SSCs) important to safety in sufficient detail in to permit evaluation of their
effectiveness.

e The design of the [cask designation] adequately protects the spent fuel cladding against
degradation that might otherwise lead to gross ruptures. Section 4 of the safety
evaluation report (SER) discusses the relevant temperature considerations.
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Vil.
1.

The design of the [cask designation] provides redundant sealing of the confinement
system closure joints by

The confinement system is monitored with a ___monitoring system as discussed
above (if applicable). No instrumentation is required to remain operational under
accident conditions.

The quantity of radioactive nuclides postulated to be released to the environment has
been assessed as discussed above. In Section 10 of the SER, the dose from these
releases will be added to the direct dose to show that the [cask designation] satisfies the
regulatory requirements of 10 CFR 72.104(a) and 10 CFR 72.106(b).

The cask confinement system has been evaluated [by appropriate tests or by other
means acceptable to the Commission] to demonstrate that it will reasonably maintain
confinement of radioactive material under normal, off-normal, and credible accident
conditions.

The stafi concludes that the design of the confinement system of the [cask designation]
is in compliance with 10 CFR Part 72 and that the applicable design and acceptance
criteria have been satisfied. The evaluation of the confinement system design provides
reasonable assurance that the [cask designation] will allow safe storage of spent fuel.
This finding is reached on the basis of a review that considered the regulation itself,
appropriate regulatory guides, applicable codes and standards, the applicant’s analysis
and the staff’s confirmatory analysis, and accepted engineering practices.
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7. SOURCE TERMS AND SOURCE TERM PROBABILITIES

7.1 Truck and Train Accident Scenarios
7.1.1 Event Trees

To estimate accident source terms, the mechanical and thermal loads that a cask might
experience during truck and train accidents must be estimated. Because all of the variations of
all of the accidents in the historic record plus all plausible accidents not yet observed constitutes
far too many accidents to examine individually, a smaller representative set of accidents is
formulated and the frequencies of occurrence of each representative accident are estimated. -

Representative scts of accidents can be developed by constructing accident event trees. Event
trees for truck .and train accidents were developed during the course of the Modal Study [7-1].
Figures 7.1 and 7.2 present these event trees. Inspection of these figures shows that an event tree
depicts an accident scenario as a sequence of events and also gives the probability of each event
in the sequence. Thus, a path on the event tree constitutes a unique sequence of events and the
product of all of the probabilities of the events on & path (branch point probabilities) gives the
probability of that accident scenario. For example, in the truck accident event tree shown in
Figure 7.1, a truck accident that leads to a collision with a pedestrian is depicted by the
uppermost branches of the tree, specifically the branches labeled “Collision,” “Non-fixed

* object,” and “Cones, animals, pedestrians.” Because the probabilitics of these branches are

0.7412, 0.8805, and 0.0521, the chance that this accident scenario occurs (expressed as a

percent), given that any truck accident has been initiated, is 3.4002 =

100[(0.7412)(0.8805)(0.0521)), where 3.4002 is called the path (sceriario) probability and gives
the fraction of all truck accidents that follow this path. Because the probability of any accident
occurring is not included in this product, the resulting fraction is a conditional probability that is
conditional on the occurrence of an accident of any severity and type. Further, because of the
way the tree is constructed, each probability on the tree is conditional on the branch point
probabilities that precede it and many branch point probabilities are represented by far more
significant figures than is warranted by the underlying data because the sum of the branch point
probabilities for any single branch of the tree must sum exactly to one.

Because each event tree path (accident sccﬁario) defines a set of ‘accident conditions (mechanical

and/or thermal loads), the impact of each scenario on a radioactive material transportation cask
can be estimated by hypothetically subjecting the cask to the conditions that characterize the end
point of the path. The Modal Study performed such an analysis for each path on their truck and
train accident trees. On these trees, paths that seemed capable of failing a Type B spent fuel cask
are indicated by placing an asterisk (*) after the path number (path Accident Index). Thus, the
Modal Study analyses found, for example, that collisions of a truck with a train might generate
mechanical loads large enough to fail 2 Type B spent fuel cask thereby allowing radioactivity to
be released from the cask to the environment. Accordingly, the truck accident scenario, denoted
by the Accident Index S, which has a conditional chance of occurring of 0.7701 percent
(conditional on the occurrence of some truck accident), is tagged with an asterisk.
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. 00577

Leve! Ground Curb. evlvent

0.4183
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0.0117%6

Clay, Sit

0.5654
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e e ———————————

Over Embankment | 0.0461

0.2588

Jmpact roadbed

02578 Hard Rock
0.007277
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0381223
Level Ground Trees

0.1040

| Leve! Ground Other

03593
Level Ground Overturn

P —————————
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Orher mechanical
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Figure 7.1 Modal Study truck accident event tree.
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[ Accices: | Type § Cottision Outcome | - § Speed Disuibution | Impact Surface | Probability (%) § Index |
_Highway Grade Crossing 3.0400 1
0.0304
Remain on Track 85878 2
0.6404
Water 0.1615 3
0.20339
Clay. Silt 00122 Ky
0.018485
Collision Over Bridee Hard Soil. Soft Rock. Concrete 0.0010 s
0.1341 0.0057 0.001262 .
, Hard Rock 0.0002 6
: 0.0001%9 .
: | Railbed. Roadbed 0.6152 ™
Collision Derailments 0.77955
0.3596 Drainage ditch 03433 s
03812
Clay, Silt 0.5092 9
Over Embankment | 0.5654
0.0110 Hard Sofl, Soft Rock 0.041S - 10°
0.04610
Hard Rock 0.0066 10
Trin 0.007277
Accident Clay. Sik 140 12
. 051370
‘All Deraitments |} Into Slope Hard Soil. Soft Rock 0.1178 1n
0.818722 0.0193 0.07454
) Hard Rock 0.0185 Ty
0.01176
Srmall 0.0455 15*
Cokmn 0.8289
: . ] oome | Lacge 0.0096 16"
Into Structure s
0.2016 Abutment 0.0017 17
0.0001°
Derailment Othier 164577 1t
0.7705 0.9965
) _Locomotive 32517 19
0.2305
. Collision Car 10.0148 2
c2n 0.7099 ‘
Rollover | Coupter 0.8408 21
0.7584 0.0596
: __Roadbed 15.9981 2
. Noo-Collision_J 0.3334 '
07728 _Earth 31.9865
0.6666
Other 6.500
0.0650 .

Figure 7.2 Modal Study train accident event tree.

The suitability of an event trec depends on whether it depicts a suitable representative set of
accidents and on the cumency of the data used to estimate the event tree branch point
probabilities and thus the probability of occurrence of each accident scenario. Inspection of
Figures 7.1 and 7.2 shows that early branches on these event trees define accident conditions
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(c.g., on the truck'event tree, 2 collision with a non-fixed object) while later branches provide
information that specifies the accident speed distribution (e.g., the branch labeled “Over
Embankment” on the train event tree) and the object (e.g., column or abutment on both trees) or
surface (¢.g., hard rock, clay/silt on both trees) that is struck. Inspection of these trees suggests
that each tree depicts a comprehensive set of credible accidents (i.e., all probable accident
scenarios appear to have been included and no unusually severe but credible accident scenarios
appear to have been omitted). Accordingly, the structures of both trees seem appropriate.
Therefore, the suitability of these trees for use in this study depends principally on the currency
of the branch point probabilities. For each tree, this was investigated by comparing tree branch
point probabilities to similar but more recent data.

7.1.2 - Route Wayside Surface Characteristics

The occurrence frequencies of route wayside surfaces (clay/silt, hard soil/soft rock, hard rock),
presented in the Modal Study were developed by performing visual surveys of two segments of
California interstate highways (Interstate 80 from Davis, California, to the Nevada border and
Interstate 5 from the San Diego County/Orange County line to the Los Angeles County/Kemn
County line). ‘Each survey classified visible wayside surfaces as hard rock, untilled soil (which
was equated to hard soil/soft rock), and tilled soil (which was equated to clay/silt). After
comparing the results of these visual surveys to data available from agricultural soil surveys and
geological highway maps, Modal Study analysts chose the following values for wayside route
surface frequencies of occurrence: clay/silt, 0.9137; hard soil/soft rock, 0.07454, and hard rock,
0.01176. Moreover, although developed by survey of -interstate highway wayside surfaces,
because rail wayside surface data was not available, as the “Into Slope” branches on Figures 7.1
and 7.2 show, these surface occurrence frequencies were used for both the truck and the train
event trees. '

Because the finite-element cask impact calculations described in Section 5 showed that only
impact at a high speed onto an essentially unyielding surface (e.g., & large monolithic chunk of
rock that doesn’t fragment easily) was likely to fail the seal of a Type B spent fuel cask, the
frequency of occurrence of wayside hard rock becomes an unusually important branch point
probability. But for high-speed impacts, shallow layers of soft soil will easily be penetrated
without significant expenditure of kinetic energy. Therefore, if only high-speed impacts onto
hard rock are likely to fail a spent fuel cask seal, then not only is visible hard rock of concern, but
so is hard rock that lies beneath but close to the soil surface. '

7.1.2.1 U.S. Geologic Survey Data

The amount of hard rock (expressed as a percent of the route length) traversed by the two. -

segments of I-80 and I-5 surveyed for the Modal Study was reestimated using data developed by
the U.S. Geologic Survey (USGS) [7-2]. To do this, a digital (electronic) USGS map of the
surface geology of the continental United States was analyzed using a Geographic Information
System (GIS). The analysis identified the number of kilometers of each interstate segment that
traverse plutonic and intrusive rock formations, the two hardest rock-types depicted on the USGS
map. Teble 7.1 compares the Modal Study visual estimates of the percentage of each route
segment length that is hard rock to the results developed by GIS analysis of the USGS data.
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Table 7.1 Wayside Hard Rock on Modal Study Segments of I-5 and 1-80

Route Segment Hard Rock (%)
Interstate § )

Modal Study Visual Survey 0.0

GIS Analysis of USGS Data 5.7
Interstate 80

Modal Study Visual Survey 24

GIS Analysis of USGS Data 229

The USGS data in the table suggest that substantially larger portions of the two interstate
segments traverse hard rock than was found by the Modal Study visual surveys of these two
route segments. However, because the USGS map does not indicate the depth of the soil layers-
that lic over these hard rock layers, it is not possible to decide whether a cask impacting the
overlying soil would penetrate to and be damaged by impacting the underlying hard rock layer.

7.1.2.2 U.S. Agricultural Department Data

Because the USGS data could not identify overlying soil Jayers thick enough to absorb most of
the cask impact energy before the layer was penctrated, the GIS analysis performed using the
USGS data was repeated using a digitized U.S. Agricultural Department map [7-3] that showed
the locations of coherent, monolithic rock formations in the continental United States that must
be removed by blasting (i.e., hard rock) and rock that can be removed by a backhoe because it
fragments relatively easily (i.e., soft rock), and also specified the amount of dirt that lies above
cach type of rock. In addition, the map showed the locations of surface soil layers of various
depths (thicknesses) that contained rocks with average diameters (d...) larger than some reference
diameters (e.g., d_, 2 3 inches, d. 2 10 inches). Given the information about the character of
near-surface soil and rock layers provided by the Agricultural Department map, the following

definitions were adopted for hard rock, soft rock, hard soil, and soft soil.

Hard Rock: Rock that must be removed by blasting that lies on average within 24 inches of
- the route wayside surface (minimum distance to the rock layer < 12 inches; maximum
distance to the rock layer < 36 inches).

Soft Rock: Rock that can be removed by a backhoe that lies on average within 24 inches of
the route wayside surface (minimum distance to the rock layer < 12 inches; maximum
distance to the rock laye;' < 36 inches).

Hard Soil: Soil that contains 2 10 percent rocks with average diameters > 3 inches.

Soft Soil: Everything else.
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Four observations about these definitions are in order. First, rock layers that lie more than three
feet below the surface are not of concern because penetration by the cask of three feet of surface
soil will consume so much of the cask’s impact energy that impact onto 2 rock layer that lies
below this soil will be unlikely to fail the cask. Second, & layer of soil that contains rocks ofa
significant size (¢.g., diameters 2 3 inches) that occupy e significant fraction (¢.g., 2 10 percent)
of the volume of the layer will significantly increase the effective hardness of the layer. ‘Third,
the preceding definitions mean that any wayside surface that isn't hard or soft rock will be hard
soil if the surface soil layer contains > 10 percent rocks with average diameters 2 3 inches; if it
doesn’t, it will be soft soil. And fourth, implicit in the definition of hard soil is the assumption
that a thin layer of surface soil that contains rocks is unlikely to lic over a thick layer of rock-free
soil. Thus, if the surface soil layer is thin, then the wayside surface character will be determined
by the near-surface underlying rock: layer, and if the surface layer ish’t thin, then its
chaxa‘ctcristics will be determined by the characteristics of the rocks that it contains.

The wayside surface characteristics of the two interstate highway segments surveyed for the
Modal Study were now reanalyzed using GIS techniques to interrogate the digitized U.S.
Agricultural Department map. Table 7.2 presents the results (expressed as percentages) obtained
for the two California interstate segments and compares them to the results obtained by the visual

surveys conducted for the Modal Study. Inspection of Table 7.2 again suggests that the Modal’

Study visual survey of wayside interstate highway surfaces significantly underestimated the
presence of hard rock, soft rock, and hard soil layers that lie close enough to the surface of the
ground so that cask penetration to and/or impact onto these layers will determine the extent of
cask damage during collision accident scenarios.

- Table 7.2 Wayside Surfaces on Modal Study Segments of I-5 and 1-80

Route Segment 1-80 I-$

Modal Study | US Ag.Data | Modal Study | US Ag.Data
Hard Rock 24 174 . 0.0 0.0
Hard Soil/Soft Rock 74 7.2
Soft Rock ' 13.4 . 20.3 -
Hard (rocky) Soil : 21.0 ) 0.0
Soft Soil - 90.2 482 92.9 79.7

7.1.2.3 New Route Wayside Surface Occurrence Frequencies

Because of the importance of impacts onto hard rock and becanse the visual surveys of interstate '

wayside surfaces conducted for the Modal Study appeared to significantly underestimate surface
or near-surface hard rock layers, new wayside surface occurrence frequencies were developed for
the four illustrative real truck and rail routes described in Section 8.3 (Crystal River to Hanford,
Maine Yankee to Skull Valley, Maine Yankee to the Savannsh River Site, and Kewaunee to the
Savannah River Site) by GIS interrogation of the digitized U.S. Agricultural Department map.
Table 7.3 presents the results of these GIS analyses.
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Finally, in order to be somewhat conservative with respect to the wayside occurrence of hard
rock and soft rock/hard soil, the average fractional frequencies of occurrence of hard rock and
soft rock/hard soil presented in Table 7.3, rounded up to the next integer, were chosen for use in
this study, and the frequency of occurrence of soft sojl was calculated by subtraction of the sum

of these two occurrence frequencies from 1.0, Table 7.4 presents the frequencies of occurrence
obtained by this procedure. -

Table 7.3 Wayside Surface Characteristics for Three Dlustrative Shipping Routes

Route . Hard Soft Hard
a Rock Rock | (Rocky) Soil
' Truck ) \
Crystal River to Hanford , 2.1% 4.0% 2.9%
Maine Yankee to Savannah River Site - 5.4% 0.0% 6.9%
Kewaunee to Savannah River Site 2.7% 0.0% 0.9%
| Rail
Crystal River to Hanford = 2.5% 1.9% 3.9%
Maine Yankee to Savannah River Site 2.8% 0.0% 2.5%
Kewaunee to Savannah River Site 0.3% 0.0% 1.4%

. Table 7.4 Fractional Occurrence Frequencies for Route Wayside Surfaces

Selected for Use in This Study
Mode | Clay/Silt | Hard Soil/Soft Rock | Hard Rock
Truck 0.91 " 005 . 0.04

Rail 0.91 0.06 0.03

7.1.3 Truck Accident Data

The Modal Study truck accident event tree was constructed using Bureau of Motor Carrier Safety
(BMCS) accident data for the years 1973 through 1983 for all trucks (no accidents were
discarded based on truck size) and all types of roads (i.e., city streets, county roads, state
nighways, interstate highways) [7-4). The frequency with which various roadside structures
e.g., bridge railings, columns, abutments, barriers, and signs)-are struck during collisions was
Jeveloped from California Department of Transportation reports for the years 1975 through
!983. The sizes of columns and abutments next to highways, a distribution of highway bridge
ieights and of the surfaces below highway bridges were all developed during the Modal Study

'y counting these features while conducting the two surveys of segments of Interstate Highways
“and 80. ‘

iecause the Modal Study truck event tree is based on data that is now more than 15 years old,
1at data was compared to more recent accident data developed by Clauss, et al. [7-5]. The data
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developed by Clauss, et al. was drawn from two databases, the TIFA (Trucks Involved in Fatal
Accidents) file maintained by the University of Michigan Transportation Research Institute, and
the GES (General Estimates System) file maintained by the National Highway Traffic Safety
Administration. TIFA file entries report data for medium and heavy duty truck accidents that
occurred on U.S. highways and caused fatalities. - GES file entries report data extracted from
police reports for fatal and non-fatal accidents. Clauss, et al. used TIFA file data for the years
1980 through 1990, and GES file data for the years 1988 through 1990.

Table 7.5 compares the conditional probabilities of occurrence of Modal Study truck accident
scenarios to estimates of the probabilities of occurrence of the same type of accident drawn from
the study of Clauss, et al. Inspection of Table 7.5 shows that Modal Study conditional accident
probabilities are similar to TIFA and GES accident probabilities, usually differing from the TIFA
or GES result by about a factor of two. As the Modal Study examined all truck accidents (both
fatal and non-fatal) without any restriction on truck size, while the TIFA and GES data excludes
small truck accidents, the fact that the probabilities agree to about a factor of two suggests that
truck accidents that occurred during the 1980s are not substantially different in character from
those that occurred during the late 1970s and early 1980s. Thus, the Modal Study conditional
probabilities would seem to still be representative of current truck accidents. Accordingly, it was
concluded that the structure of the tree (set of scenarios embedded in the tree) reasonably’
depicted the variety of possible truck accidents and did not omit important accident branches.

Table 7.5 Conditional Probabiliti&s.of.()ccuri'ence
of Various Truck Accident Scenarios (%)

Scenario/Accident Modal TIFA GES (all) | GES (fatal)
-Study (fatal)
Collision Scenarios
Truck + Bus 13.32
Truck + Tanker - 6.13 . 6.65 7.90
Car 43.15 68.83 66.05 74.88
Train 0.77 0.57 0.18 0.42
Water 0.10 ) i
Immersion : 0.20 .
Hard Object’ 0.81 2.04 1.94 0.51
Soft Object’ 4.93 2.59 7.46 0.43
Non-Fixed Object 7.21 9.67 6.57 494
Non-Collision Scenarios
Overturn 8.35
Rollover : 8.17 4.48 10.03
Fire 0.97 1.80 0.46 0.39

2. For Modal Study, sum of Hard Soil, Soft Rock, Hard Rock, and Columns and Abutments.
b. For Modal Study, sum of Clay, Silt, Railbed, Roadbed, and Drainage Ditch.
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Both the Modal Study and the study of Clauss, et al. developed estimates of the probability that a
truck collision would initiate a fire. The Modal Study developed estimates of the fractions
(expressed as percentages) of various types of truck collisions (e.g., collision with a car) that
initiated fires. The study of Clauss, et al. developed estimates of the fractions (expressed as
- percentages) of all truck accidents that were collisions with trucks, cars, tankers, or other objects
that also caused both fires and a fatality. Clauss, et al. also found that 1.7 percent of all fatal

.truck collisions led to fires. Therefore, multiplication of the results of Clauss, et al. for fatal’

collisions with cars, or trucks and tankers, or other objects that initiate fires and cause a fatality
by 1.7 percent (e.g., for truck collisions with cars, 37.5 x 0.017 = 0.6) yields a result directly

comparable with the results given in the Modal Study. Table 7.6 presents and comnpares these _

estimates. Inspection of Table 7.6 shows that the Modal Study results and those of Clauss, et al.
differ by factors of two, which suggests that the Modal Study results ‘are most likely still
representative.

- Table 7.6 Truck Accidents that Initiate Fires (Percentages)

Clauss, et al. . Modal Study
- Fraction All Fatal Collisions | Fraction Accidents of this Fraction Accidents of this
that Initiate Fires that Type that Initiate Fires (%) | Type that Initiate Fires (%)
Impact Listed Object (%)
Collision with : '
Car 375 0.6 0.3
Truck, Tankers 240 .04 08
Truck 22.1 0.37
Tanker 1.9 0.03
Other Objects 386 0.7 1.3
Non-Collisions
Ran off road 1.1
Overturns . : . 1.2
Other 13.0

Finally, weighted surnmation of the Modal Study results in Table 7.6 using the probabilities of
occurrence of each accident type as given in Figure 7.1 shows that, in agreement with Clauss, et
. al,, 1.8 percent of all of the truck accidents éxamined by the Modal Study initiate fires, where

1.8 = 0.432(0.3) + 0.132(0.8) + 0.177(1.3) + 0.091(1.1) + 0.083(1.2) + 0.085(13.0)

Accordingly, as Figure 7.3 shows, the Modal Study truck accident event tree was used in this
study with only one modification, replacement of the Modal Study wayside route surface
frequencies of occurrence, that were developed by visual surveys of interstate highway segments,
by the frequencies developed by GIS analysis of three representative real spent fuel highway
transportation routes using U.S. Agricultural Department data.
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Figure 7.3 Modified Modal Study truck accident event tree.
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7.13.4 Train Accident Data

The Modal Study train accidents event tree was constructed using data published in Federal
Railroad Administration Accident/Incident Bulletins for the years 1975 through 1982 [7-6].
Because no rail line wayside surface data were available and because rail and highway routes
were believed to traverse similar terrain [7-7], the Modal Study used the results of the survey of
California Interstates S and 80 to specify the branch point probabilities for the train derailment
accident branches labeled “Over Bridge,” “Over Embankment,” and “Into Slope,” and also for
the occurrence frequencies of the impact surfaces “Water,” “Clay, Silt,” “Hard Soil, Soft Rock,
Concrete,” “Hard Rock,” “Railbed, Roadbed,” and “Drainage Ditch.” In addition, although train
accident experts stated [7-8) that most train derailments leave the derailed cars upright or tipped
over but only slightly damaged, the Modal Study train accident event tree does not divide
derailment accidents into minor derailments (those where the derailed cars remain upright or
simply tip over) and major derailments (those where at least some of the derailed cars are
severely damaged). Lastly, the Modal Study train accident event tree does not contain a branch
for fire-only accidents (i.e., fires not initiated by collisions or derailments). .

Rail accident data for the years 1988 through 1995 were reviewed for this study by Department
of Transportation (DOT) Volpe Center staff [7-9). Table 7.7 compares the conditional
occurrence probabilities developed by the Modal Study for train accidents to those developed by
the DOT Volpe Center. Inspection of Table 7.7 shows that train accident scenario probabilities
constructed from recent data generally differ from the probabilities constructed during the Modal
Study by factors of two or less. Inspection of the Modal Study train accident event tree suggests
that the following three derailment paths probably lead only to minor damage: (1) derailments
that lead to impacts into structures other than columns or abutments, (2) rollover derailments that
do not lead to additional collisions, and (3) rollover derailments where the cars that roll over
bump into other cars or Jocomotives and that the fraction of all derailments that these paths
account for is 0.9490, where

0.9490 = (0.2016)(0.9965) + (0.7584)(0.2272)(0.2305+0.7095) + (0.7584)(0.7728)

Now, because (1) this fraction agrees well with the Volpe Center estimate of 0.9782 for the
frequency of occurrence of minor derailments, (2) the paths that contribute to this fraction were
all judged in the Modal Study to generate minor accidents, and (3) Table 7.7 shows that recent
train accident data are consistent with the data developed by the Modal Study, as Figure 7.4
shows, the Modal Study train accident tree is used with only two modifications. First, the Modal
Study wayside route surface frequencies of occurrence, that were developed by visual surveys of
Interstate Highway segments, were replaced by the frequencncs developed by GIS analysis of
three representative real spent fuel rail transportation routes using U.S. Agricultural Department
data; and second, consistent with Volpe Center results, the first-level branch on the Modal Study
train event designated “Other” that has an occurrence probability of 0.0650, is split into a “Fire
only” branch and an “Obstruction, Other” branch that have respectively the following occurrence
probabilities:

Fire only . 0.0073 = (0.0650)(0.0147/0.1315)
Obstruction, Other  0.0577 = (0.0650)(0.1168/0.1315)
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Table 7.7 Conditional Probabilities of Occurrence of
Various Train Accident Scenarios (%)

Scenario/Accident | Modal Study | DOT Volpe Center
Grade Crossing 0.0304 0.1298
Collision 0.1341 0.0875
Remain on Track 0.6404 0.4429
Collision Derailment 0.3596 0.5162
Derailment 0.7705 0.6511
Minor Damage 0.9782
' Severe Damage 00218
, Other 0.0650 0.1315
! Fire/Explosion 0.0147
- Obstruction/Other 0.1168

7.2 Source Term and Source Term Probability Expressions

Type B spent fuel transportation casks are massive, extremely strong structures deliberately
designed to withstand large mechanical and/or thermal loads without failing (losing containment
integrity). Nevertheless, although unlikely, it is possible that a truck or a train that is carrying a
Type B spent fuel cask could be involved in an accident so severe that both the cask and at least
some of the spent fuel rods in the cask may fail. Were this to happen, radioactive species would
be released from the spent fuel into the cask interior and some of these species could be
transported from the cask interior through the cask failure to the environment.

To estimate the risks associated with accidents that might occur during the transport of spent fuel
by truck or train, estimates of the magnitude of the radioactive releases that might be caused by
severe transportation accidents. and of the probability of occurrence of these releases must be
developed for three broad classes of transportation accidents: fires without collisions, collisions’
without fires, and collisions that lead to fires. .

7.2.1 RADTRAN Risk Equations

By definition, risk is the product of the magnitude (M) of an undesirable accident consequence
and its probability of occurrence (P). Thus, risk = P-M where M is calculated using a
transportation consequence code, for example RADTRAN [7-10, 7-11], and is & strong function

- of the accident source term, the prevailing meteorology at the time of the hypothesized accident,

the population that might be exposed to radiation as a result of the accident, and the effectiveness
of any actions taken to avoid radiation exposures, for example, evacuation and/or relocation of
population, and decontamination, temporary interdiction, and/or condemnation of contaminated
property. The meteorological, population, and emergency response input required by the
RADTRAN code are discussed in Sections 3.4.3.3, 34.14, and 3.4.3.2. This section derives
expressions for accident source terms and for their probabilities of occurrence. Values for the -
parameters in these expressions are developed in subsequent sections.
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expressions for accident source terms and for their probabilities of occurrence. Values for the
parameters in these expressions are developed in subsequent sections.
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Figure 7.4 Modified Modal Study train accident event tree.

72.2 Accident Source Terms

7-13

Accident source terms (ST,) depend on the accident scenario (j) and on the cask (k) involved in
the accident. Here they are calculated as the product of the inventory of each radionuclide (i) in
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the spent fuel being carried in the transportation cask and two release fractions, the fraction of
that inventory that is released from each failed rod to the cask interior, and the fraction of the
inventory that is released to the cask interior that is transported through the cask failure to the
environment. Thus, : )

STy = Zsriﬂc = Zlikfxelm.iﬁ: = frodji Zlikfncakfcsiﬁ:
i i i )

where ST, is the amount of radionuclide i released from cask k during accident scenario L is
the number of curies of nuclide i in the inventory of cask k, frsense s i the fraction of the inventory
of radionuclide i in cask k that is released to the environment during accident scenario j, focy is
the fraction of the rods in cask k that fail during accident scenario J» faca is the fraction of nuclide
i that is released during scenario j to the interior of cask k from each failed rod, and fees is the
fraction of the amount of each radionuclide released to the cask interior that s transported to the
enrvironment through the cask failure. A

72.3 Cask Inventories

Spent fuel assemblies contain radionuclideé that were produced by fissioning of uranium and by |

activation of assembly materials and of materials in deposits on assembly surfaces. For this
study, the ORIGEN code [7-12, 7-13] was used to calculate inventories for a generic pressurized
water reactor (PWR) assembly that contained 289 fuel rods and for a generic boiling water
reactor (BWR) assembly that contained 64 rods. As is described below, after dropping
radionuclides that do not contribute ‘significantly to radiation doses and adding important
radionuclides formed by activation of deposits on assembly surfaces (e.g., Co-60), cask
inventories were calculated by multiplying the modified single assembly inventories by the
number of assemblies transported in each of the four generic casks defined in Tables 4.1 through
44,

-~

7.2.3.1 Fuel Burnup

Because inventory size depends on fuel burnup, which is an ORIGEN input, and the length of the
fuel cooling time after fuel discharge from the reactor, which is an ORIGEN output, initially a
DOE report [7-14] was consulted to identify average and maximum BWR and PWR fuel
burnups, and then, for each burnup, an ORIGEN calculation was performed that depicted the
variation of inventory size with fuel cooling time. The DOE report contains data on spent fuel
that has been discharged from commercial power reactors located in the United States. Table 7
in that report presents a tabulation by fuel bumup ranges of the number of metric tons of uranium
in BWR and PWR spent fuel discharged during the years 1968 through 1994. This table showed
that the maximum burnups reported were about 45 to 50 GWDUMTU (gigawatt-days thermal per
metric ton of uranium) for BWR spent fuel and about 55 to 60 GWDYMTU for PWR spent fuel;
and that the most probable burnups were &pproximately 30 GWDtMTU for BWR spent fuel and
35 GWDUMTU for PWR spent fuel. In addition, extrapolation to 1998 of data in Table 5 in that
report showed that ten years was the quantity-weighted (weight in MTU) average age of all of
the tabulated spent fuel. ,
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7.2.3.2 ORIGEN Calculations

ORIGEN calculations were performed for the most probable and the maximum PWR and BWR
fuel burnup levels, where these levels are 30 and 50 GWDYMTU for BWR spent fuel and 35 and
60 GWDUMTU for PWR spent fuel. Full descriptions of these calculations are presented in
Appendix C. Table 7.8 summarizes the results of these calculations. Table 7.8 shows that—for
both BWR and PWR spent fuel and for any fuel cooling time—the total number of curies in high
(maximum) burnup spent fuel is less than a factor of two greater than the number in spent fuel
having the most probable bumup. The table also shows that, due to decay, the number of curies
decreases rapidly during the first three years after discharge and rather slowly after five years of
cooling, and also that the number of curies at three years after discharge is approximately a factor
of two greater than the number of curies at ten years, which is the quantity-weighted average age
of the fuel. Nevertheless, even though most of the spent fuel that will eventually be shipped is
likely to be average burnup fuel that has cooled for about ten years, in order to be conservative,
the ORIGEN results for maximum burnup fuel after three years of cooling were chosen for use in
this study. This choice means that the total curic content of the inventories used in the
RADTRAN risk calculations. described in Section 8 are most likely conservative by about a
factor of four. : :

Table 7.8 Summary of ORIGEN Calculations, Total Curies per
Assembly for All Radionuclides

Burnup Fuel Cooling Time (years)
(GWDtYMTU) At - 05 1.0 3.0 50 10.0 30.0
Discharge ' A :
BWR
Most probable 30 | 2.87E+07 | 5.66E+05 | 3.38E+05 | 1.40E+05 | 9.38E+04 | 6.60E+04 | 3.55E+04
High 50 2.99E+07 | 7.04E+05 | 4.52E+05 | 2.06E+05 | 1.44E+05 | 1.03E+05 | 5.61E+04
. PWR -~ :
Most probable 35 1.30E+08 | 2.20E+06 | 1.28E+06 | 4.60E+0S. | 2.85E+05 | 1.93E+05 | 1.04E+05
High60 1.07E+08 | 2.34E+06 | 1.47E406 | 6.34E+05 | 4.32E+05 | 3.05E+05 | 1.68E+05

7.2.3.3 Elimination of Unimportant Radionuclides

An ORIGEN inventory contains approximately 800 radionuclides. This large set of

radionuclides was reduced to a much smaller set that contained only radionuclides that together
accounted for 99.9 percent of the health hazard posed by the total inventory using radionuclide -

A, values [7-15, 7-16] as a measure of radiation health hazard. The RADSEL code [7-17] was

. used to perform this reduction. For each radionuclide in the total inventory, RADSEL computes

the ratio of the nuclide’s number of curies and its A, value, sums and normalizes these ratios,
sorts the ratios according to magnitude, and then retains the smallest set of radionuclides whose
ratios sum to 0.999. '
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7.2.3.4 Radioactive Gases

Although tritiumn gas and tritiated water are very active biologically, the quantities per assembly
calculated by ORIGEN for three-year cooled PWR (482 Ci) and BWR (168 Ci) fuel are so small
compared to the A, value for tritium (1080 Ci) that they contribute less than 0.1% to the health
hazard of the total inventory. Therefore, tritium was not included in the reduced, maximum

. burnup, three-year cooled, BWR or the PWR inventories. However, although the relative

contribution to total health hazard of Kr-85 is also less than 0.1%, because Kr is the most
important member of the non-condensible gas chemical element group, it was retained in the
reduced BWR and PWR assembly inventories despite its minor contribution to health hazard.

Accordingly, the following quantities per assembly of Kr-85 were added back into the reduced )

BWR and PWR inventories generated by RADSEL: 5.87E3 Ci to the PWR assembly inventory,
and 1.74E3 Ci to the BWR asscmbly inventory. '

7.2.3 5 CRUD

During reactor operation, corrosion products formed in the reactor’s primary cooling system
deposit on fuel assembly surfaces where elements in these deposits are activated by neutron
bombardment. The resulting radioactive deposits are called CRUD [7-18]. Due to vibratory
loads during incident free transportation, impact loads during collision accidents, and thermal
loads during accidents that lead to fires, portions of these radioactive deposits may spall from the
rods. Then, if some of these spalled materials become airborne during an accident, their release
to the atmosphere could contribute to the radiation exposures caused by the accident. Although
CRUD contains a number of radionuclides, only Co-60 would contribute significantly to these
radiation exposures. Since the CRUD deposits on typxcal PWR and BWR spent fuel rods contain
respectively 0.2 and 1.0 Ci of Co-60 [7-18] and the generic PWR and BWR assemblies for which
ORIGEN inventories were calculated contain respectively 289 and 64 spent fuel rods, the
amounts of Co-60 produced by activation of deposits on assembly surfaces is 57.8 Ci for the
generic PWR assembly and 64 Ci for the generic BWR assembly.

7.2.3.6 Inventories for Generic PWR and BWR Assemblies

The final generic PWR and BWR assembly inventories were now constructed by adding the

"amounts per assembly of Kr-85 and of the Co-60 in CRUD to the reduced generic assembly

inventories that were generated by climinating all radionuclides shown by the RADSEL
calculation to contribute negligibly to radiation exposures from the full assembly inventories
calculated by ORIGEN. Table 7.9 presents these reduced modified generic assembly inventories.

7.24 Chemical Element Classes

To simplify the development of accident source terms, fission products are assigned to chemical
element classes that have similar physical and chemical properties and therefore are expected to

‘have similar transport characteristics. Each group is called a chemical element class and for

convenience each is denoted by one of the elements assigned to the class. After assignment to
classes, rod-to-cask and cask-to-environment release fractions are developed for each chemical

element class.
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Fission products are usually assigned to one of three general chemical element classes: non-
condensible gases, condensible gases, and particulates. Each class may be further subdivided if
the transport propemes of its member elements differ widely. For example, because the volatile
forms of cesium and jodine, Cs, CsOH, Csl, 1, have very different volatilities and chemical
properties, Cs and I are usually assigned to different classes of condensible gasses. In addition,
elements with unique chemistries are placed in special chemical element classes. For
transportation accident analysis, Co and Ru are usually placed in special classes. Co is placed in
a special element class because it is the major constituent of the radioactive deposits called
CRUD that form on the outside of spent fuel rods during reactor operation. Ru is placed in a
special element class because, if exposed to .oxygen while at elevated temperatures, involatile
RuO, can be converted to RuO, and RuO,, which are much more easxly vaporized, thereby
greaxly increasing the rate of relcasc of Ru from fuel pellets.

{ For this study, fission products are assigned to five chemical element classes. The five classes

and the representative element that denotes each class are:

Representative Element i Description

Xe Noble (non-condensible) gases
Cs : Condensible gases

Ru ' Single element group

Co : Fission products found in CRUD
Part All other fission products

Condensible gases are not subdivided into a cesium (Cs) and an iodine.(I) class because, by the
time spent fuel is removed from a reactor’s spent fuel pool and released for transport to an
interim or a permanent repository, almost all iodine nuclides except I-129 will have decayed
away and the remaining I-129 will have reacted with Cs to form CsI. Thus, an iodine chemical
element class is not needed. - Finally, the class denoted by Part represents all fission products that
exist in chemical forms (usually involatile hydroxides and oxides) that transport only as particles
[e.g., Sr which transports as involatile Sr(OH),, Pu which transports as involatile PuO,).
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Table 7.9 Generic Fuel Assembly Inventories for
RADTRAN Calculations (Ci/assembly)

Generic BWR Assembly Generic PWR Assembly
Nuclide Amount (Ci) Nucdlide Amount (Ci)
Co-60 6.40e+01 B Co-60 5.78e+01
Kr-85 1.74¢+03 ' Kr-85 1.74e+03
Sr-90 1.59¢+04 Sr-90 5.36e+04
Y-S0 1.59e+04 Y-90 5.36e+04
Ru-106 1.42¢+04 Ru-106 4.43e+04
Cs-134 2.15¢+04 Cs-134 6.99e+04
Cs-137 2.59%+04 Cs-137 7.50e+04
Cm-243 1.42¢+01 Ce-144 i 3.87¢+04
Ce-144 1.03e+04 Pm-147 2.58¢+04
! Pm-147 A 8.49¢+03 Eu-154 8.42¢+03
{ Pu-238 1.67e+03 _ Pu-238 4.81¢+03
Pu-239 7.44e+01 Pu-239 2.14e402
Pu-240 1.36¢402 Pu-240 4.28e+02
Pu-241 2.91e+04 Pu-241 6.52e+04
Am-241 2.05¢+02 Am-241 4.36e+02
Am-242M 8.09¢+00 Am-242M 1.33¢+01
Am-243 - 1.22¢401 Am-243 2.51e+01
Cm-242 1.82e+02 _ Cm-242 3.76e+02
© Cm-244 2.95¢+03 . Cm-244 5.62¢+03

7.2.5 Release Fractions

This section develops expressions for accident release fractions. Expressions are developed for
four broad classes of accidents: collision accidents that do not initiate fires (Collision only),
collision accidents that initiate fires and generate mechanical or thermal loads that cause the cask
seal to fail (Collision + Fire, 1 Hole), collision accidents that initiate fires and generate
mechanical or thermal loads that cause the cask seal to fail and also lead to failure of the cask
shell by puncture or shear (Collision + Fire, 2 Holes), and fire accidents that do not involve
collisions (Fire only). The first three of these four accident categories correspond to accident
categories 4, 5, and 6 in the six-category accident severity scheme that is frequently used when
performing RADTRAN calculations [7-19]. The last accident category, fires not initiated by
collisions, leads to accidents that have severities that are similar to those of Category 5 accidents,
but release fraction expressions that are different than those used to calculate release for
accidents initiated by collisions that lead to fires. Because their release fraction expressions are
unique, they are here not lumped into Category S, but are placed in a separate fire-only category.
Collisions that lead both to double cask failures and to fires are separated from collisions that
lead to fires, but only 2 single cask failure, because differential thermal heating of a cask with a
double failure may cause combustion gases, including some air, to flow through the cask. Flow
of gas through the cask would sweep most fission products released to the cask interior out of the
cask to the environment, thereby minimizing fission product retention in the cask. Flow of air
into the cask could also lead to the oxidation of UO, to UO, and of RuO, to RuO, and RuO, [7-

20]. Because Cs diffuses though UO, more easily than through UO,, oxidation of fuel enhances
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Cs release rates. Because RuO, and RuO, are much more volatile than RuO,, conversion of RuO,
to RuO, and RuO, substantially increases release of Ru.

7.2.5.1 Mechanical Failure of Cask Seals and Spent Fuel Rods.

The response of four generic Type B spent fuel casks—two truck casks and two rail casks—and
of the spent fuel rods carried in the casks, to high-speed impacts onto yielding real-world
surfaces (clay/silt, hard soil/soft rock, hard rock, water, railbed/roadbed) and objects (small
- columns, large columns, abutments) is discussed in Section 5. Puncture and shear failures of rail
tank cars during collision accidents were also analyzed in that section.

The analysis of puncture and failures preécnted in Section 5.3 suggests that formation of a
puncture or shear probe during 2 collision accident depends at most weakly on accident speed.
Therefore, probe formation is possible during any collision accident. But a probe, if formed (or

already present at the accident site), can fail a cask only if the probe (a) is sharp enough and so .

oriented upon impact with the cask that it initiates a puncture or tear in the cask shell (does not
glance off of the cask surface) and (b) has a stem that is sufficiently robust so that it does not
break before the cask shell is completely penetrated by the probe. Since these two conditions are
both improbable, the analysis concluded that failure of a cask by puncture or shear was possible
during any collision accident but also most unlikely. :

The finite-element calculations described in Section 5 and their extrapolation to real-world
yielding surfaces strongly suggest that only extremely high-speed impacts onto slightly yielding
surfaces (e.g., hard rock) are likely to fail the seal of Type B steel-lead-steel and steel-DU-steel
spent fuel truck casks. Specifically, the calculations show so little distortion of the cask closures
of the generic steel-lead-steel and steel-DU-steel spent fuel truck casks following 120 mph
impacts onto an unyielding surface that seal failure cannot be predicted with certainty even for
impacts this severe. Nevertheless, even though not large enough to predict that seal failure is
certain to occur, because distortion of the cask closure is clearly discernable, 120 mph impacts
onto an unyielding surface are assumed to cause the seal of truck casks to fail and that failure is
arbitrarily assumed to produce a cask leak path with a cross-sectional area of 1 mm®. Thus, if A
is the speed at which seal failure occurs, then by definition V.y = 120 mph for impacts of truck
casks onto an unyielding surface at any orientation and V.o =V, for impacts of truck casks at
any orientation onto real world yielding surfaces, where v,y is the impact speed for the specified
impact orientation onto the real yielding surface that causes the same damage to the truck cask
and its contents as is caused by a 120 mph impact at the same impact orientation onto an
unyielding surface.

For rail casks, the finite-element calculations indicate that seal failure occurs for impacts onto an
unyielding surface at some impact orientations at speeds as low as 60 mph. Specifically, for both
the steel-lead-stee] and the monolithic steel generic rail casks, closure region distortions are
sufficiently large for 60 mph impacts onto an unyielding surface in the center of gravity over
corner impact orientation to allow seal failure to be predicted (i.e., the predicted separation of the
lid well from the cask lid is larger than the compliance of the O-ring seal, which means that
sealing function should be lost). Closure region distortion also appears to be large enough to
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predict seal failure for side impacts of the monolithic steel generic rail cask onto an unyielding
surface at 60 mph.

The finite-element calculations also show that, for some yielding surfaces, many impact

accidents that do not fail the cask seal will cause slumping of cask contents or inward collapse of
the cask shell that is sufficiently severe so that fuel rods would be expected to fail either by
buckling or tearing and also that the impact speed that produces failure of some fraction of the
rods in the cask will be different for end, comer, and side impacts. Thus, the impact speeds
required to fail rods or the cask seal depend on both the nature of the impact surface and the cask

- orientation at the time of impact. -

Although failure of some fuel rods is expected for most severe collision accidents, the finite-

~ ;element analyses described in Section 5.1 do not predict the fraction of rods failed. They did,
" however, provide estimates of the peak rigid body accelerations that the fuel rods would

experience as a result of cask impacts onto unyielding surfaces. This allowed results from an
analysis of the strains generated in PWR and BWR fuel rods carried in a typical PWR or BWR
assembly [7-21] for regulatory impacts to be scaled to match the accelerations produced by
impacts onto unyielding surfaces at 60, 90, and 120 mph. Comparison of the scaled rod strains
to the rod failure criterion developed for the analysis of regulatory impacts [7-22] then allowed
the fraction of the rods in a typical PWR or BWR assembly failed by 30, 60, 90, and 120 mph
impacts onto an unyielding surface to be estimated. .

Accordingly, for each impact orientation examined in Section 5.1 and each class of real-world
yielding surfaces, four speeds were determined, vy, Vg, Vyor and V,,,, Where vy, v, vy, and v, are
the impact speeds for the stated impact orientation (end, corner, or side) onto the real yielding
surface that inflict damage onto the cask and its contents equivalent to the damage caused by 30,
60, 90, and 120 mph impacts onto an unyielding surface. These four speeds define four speed
ranges, vy, S V < Vg, Vg S V < Vg, Vo S v < v, and v, < v, where v is the cask impact speed onto.
the real yielding surface or object at the stated impact orientation.

7.2.5.2 Thermal Failure of Cask Seals and Spent Fuel Rods

During normal transport under ambient conditions, the peak temperature of spent fuel in a Type
B spent fuel cask is about 300°C [7-23). Because the average temperature of free burning
hydrocarbon fuel fires is about 1000°C [7-24], elastomeric cask seals and spent fuel rods can
both fail if the cask that contains them is heated long enough by a hot fire. _

Type B spent fuel casks are usually equipped with elastomer seals (e.g., Viton O-rings). When
heated to temperatures above 350°C at rates comparable to the heating rates of engulfing
hydrocarbon fue] fires, these seal materials degrade thermally losing about 5 percent of their
mass if heated to 380°C, 10 percent if heated to 400°C, and 70 percent if heated to 450°C [7-25].
Elastomeric O-rings lose sealing function, as measured by helium leak detection, if heated to
about 400°C, but can be repeatedly cycled from ambient temperatures to temperatures
approaching 380°C without loss of sealing function [7-26]. Loss of mass without loss of sealing
function upon heating to 380°C occurs because elastomeric O-rings usually contain or are coated
with volatile organics (e.g., oils). Thus, the mass loss that occurs first upon heating is due to the
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_vaporization of these volatile organics and not to thermal decomposition of rubber matrix

materials, which causes the O-ring to shrink and, when shrinkage is appreciable, sealing function
to be lost. Accordingly, heating of elastomeric cask seals to temperatures above 400°C is
probably required, if loss of sealing function is to be large enough to allow significant quantities
of gasborne acrosols to escape from the cask through the failed seal. Nevertheless, it is here
assumed that elastomeric cask seals fail when heated to 350°C and, in order to be consistent with
the treatment of seal failures caused by impacts, it is also assumed that seal failure due to heating
to 350°C produces 2 leak path with a cross-sectional leak area of about 1 mm’. Finally, the
substantial mass loss that is caused by heating to 450°C is assumed to cause O-ring sealing
function to be lost around the entire circumference of the cask closure producing a leak area that
is determined by the roughness of the surfaces of the cask lid and lid well where they contact
each other and the length of the closure circumference.

When heated to elevated temperatures, spent fuel rods fail by burst rupture. During the

- experiments of Lorenz, et al. [7-27], sections of spent fuel rods that had been heated to 900°C

failed by burst rupture when rod pressures reached 275 psig. Wilmot's analysis of release of
fission products from spent fuel rods during transportation accidents assurnes rod failure by burst
rupture occurs at 850°C [7-28]. The critical review of spent fuel transportation accident
conditions by Sanders, et al. [7-29] indicates that rod burst rupture is expected to occur at
temperatures near 725 to 750°C. And, after correcting for differences in bumup and internal
pressure, data in the Cask Designers Guide suggest that spent fuel rods may fail due to creep
rupture at temperatures as Jow as 700°C [7-30). Although release of Cs vapors will be greater
when rods fail at higher rather than lower temperatures, because for most accidents more
radioactivity is released as a constituent of particles than as a constituent of vapors, the
temperature at which rods fail by thermal burst rupture is assumed to be 750°C.

Let the intemnal temperature of a Type B spent fuel cask during normal transport under ambient
conditions be T, = 300°C, the temperature where elastomeric spent fuel cask seals fail producing
a failure with a cross-sectional area of 1 mm’ be T, = 350°C, the temperature where spent fuel
rods fajl by burst rupture be T, &= 750°C, and the average temperature of hydrocarbon fuel fires be
T, = 1000°C. These four temperatures define three temperature ranges, T,<T_,<T, T, <T_, <
T, and T, < T_, < T, where T_, is the internal temperature of the cask.

7.2.5.3 Collision-Only Scenarios

Collisions that do not initiate fires must be unusually severe if the cask seal is to be failed by
impact. For impacts onto an unyiclding surface at 60 mph by a Type B rail cask and at 120 mph
by a2 Type B truck cask, the finite-element cask impact calculations described in Section 5
indicate that, even though slumping of cask internal structures is so great that many of the rods in
the cask are likely to fail, distortion of the cask seal region is not great enough to conclude that
seal failure deﬁmtcly occurs. Despite this, here it is assumed that (a) the cask’s elastomeric seals
fail during all collisions that lead to impact of a Type B spent fuel cask onto'a yielding surface. at
a velocity that subjects the cask to mechanical loads equal to those generated by impacts onto an
unyielding surface at 60 mph for rail casks and at 120 mph for truck casks, (b) the seal failure
area produced by these impacts is about 1 mm?®, and (c) such impacts cause at least some of the
rods i in the cask to fml '
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MELCOR calculations [7-31] indicate that, when cask failure areas are small (~ 1 mm®), the mass
deposition rate of vapors and particles onto cask interior surfaces is rapid compared to the mass

_rate of their release from the cask to the environment. Thus, unless cask depressurization is

rapid, deposition of vapors and large particles onto cask interior surfaces will be efficient which

-means that deposition of radioactivity will also be efficient. Therefore, for collision accidents

that don’t initiate fires, deposition of particles and vapors onto cask interior surfaces during rod
depressurization is assumed to be appreciable whenever cask seal failure areas are small. Thus,
for Collision-Only scenarios (Category 4 accidents), f__., the total release fraction for release of
fission products from failed rods to the environment, is given by

 F retease = FrodimpacifRe (1 - fdcposin'on{ - ::'T::] : )

where f, .. = 1.0 is the fraction of the rods in the cask that are failed by the collision impact, f,.
is the fraction of the materials in a spent fuel rod that is released to the cask interior upon rod
failure, f,_.. is the fraction of those materials that rapidly deposit onto cask interior surfaces
upon release from the failed spent fuel rods, p,, is atmospheric pressure, and p,, is the cask
internal - pressure after depressurization of the fuel rods that failed as a result of the collision
impact. Note that although the values of f,_ and f,__,,., will depend on the physical and chemical
properties of the materials (radionuclide specxes) being released from the failed fuel rods, for
simplicity in this and subsequent equations, they are.written without attachment of the
radionuclide species subscript i (e.g., as f,. rather than f, ).

7.2.5.4 Collision Plus Fire Scenarios

Consider a collision accident that is severe enough to fail some of the rods in the spent fuel cask,

but not the cask seal, and that also initiates a fire that heats the cask to the temperature T, where

the cask seal fails due to thermal degradation causing the cask to depressurize. Now let p_ be

atmospheric pressure, p,, be the cask internal pressure after depressurization of the fuel rods that

failed as a result of the collision impact, T, be the cask intemnal temperature during normal

transport under ambient conditions, V_, be the internal free volume of the cask, V. be the

volume that the gases initially in the cask plus the gases released to the cask by rod failure would -
occupy at T, and atmospheric pressure, and f be the fraction of the gasborne radioactive

materials that escape from the cask to the environment when the cask seal fails due to thermal

degradation. But .

fee =l-—Yest_ ang Piap Veast _ Pam Vexpamsion and therefore Yau  _Pumls
Vexpmsion Tl T, . vexpansion _plmst

So, if deposition of particles and vapors is neglected during the time required for the ﬁrc to heat
the cask from T, to T,

vuslc =1- paunTt

foe =1-
< chpansion plmpT:
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By extending this approach, & conservative expression can now be developed for release due to
failure of some rods by an impact that does not fail the cask seal followed by heating of the cask
in a fire first to the temperature of seal failure T,, then to the temperature where the remaining
rods fail by burst rupture T,, and finally to the temperature of the fire T. As before, let Py, be the
cask pressure after rod failure due to impact and p__ be atmospheric pressure. In addition, Jet foo
be the fraction of the rods failed by impact, f,_ be the fraction of rods failed by thermal burst

- rupture, p, be the cask pressure after rod failure due to burst rupture, foce, be the release fraction

for fission products to the cask interior from a rod failed by impact, f,, be the release fraction for
fission products to the cask interior from a rod failed by thermal burst rupture due to 2 fire, and
f,, be the fraction of the materials released from failed rods to the cask interior that deposits
rapidly onto cask intemnal surfaces. Then, the total release fraction f, for release of fission
products from failed rods to the environment during Category 5 accidents is given by

{ .
T [pee Tl T) (o Tl pu T
frt = Fimpfcimp = aep ) 1- B2 ~e | | B Ta 1-—'-]+ Bum Za 1-—'““-1]
= mpgamp “ {[ Pimp Ts] [pimp TsI Tol |Pimp To P T; @

Patm TS

freell =1, ~im 2

| +fyfrcr dcp){[ Py Ty ]}

where f,_ = 1-f_, because all rods not failed by impact are assumed to fail when the rod burst
rupture temperature is reached, and the expression is conservative because deposition of particles
and vapors is assumed to occur only immediately following rod failure and not during the time
periods during which the cask is heated by the fire to elevated temperatures.

Inspection of Equation 2 shows that the first term in the equation gives the release fraction for
materials released due to rod failure caused by collision impacts and the second term gives the
release fraction for materials released due to rod failuré caused by thermal burst. In addition, the
three parts of the first term respectively reflect the effect on release of (1) cask pressurization due
to rod depressurization upon impact failure followed by heating of cask gases to the temperature
of scal failure, (2) heating of cask gases from the temperature of _seal failure almost to the
temperature of rod burst rupture, and (3) cask pressurization due to burst rupture of the remaining
unfailed rods followed by heating of cask gases from the burst rupture temperature -to the

‘temperature of the engulfing fire.

Equation 2 also is used to calculate the release fraction for Category 6 accidents, collisions that
initiate fires and fail not only the cask seal by impact but also the cask body by puncture or shear.
For these accidents, f, in the last term of the equation is set to zero, because the flow of gases
through the cask during these accidents is assumed to transport all materials released to the cask
interior from the failed rods through the cask failures to the environment.

Finally, for Category 5 and Category 6 accidents that heat the cask to temperatures 2 T,, all Cs in
particles deposited on cask internal surfaces is assumed to volatilize. Volatilization of aJl Ru in
particles deposited on cask internal surfaces is also assumed to occur during all Category 6
accidents since, during these accidents, air is assumed to be flowing through the failed cask
which would cause involatile RuO, to be oxidized to volatile RuO,.
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7.2.5.5 Fire-only Scenarios

For fires not initiated by collisions (Category Fire-only accidents), the cask’s elastomeric seal is
assumed to fail by thermal degradation producing a leak path with a cross-sectional area of 1
mm’, when the inner wall of the cask shell reaches a temperature of 350°C = T, and 2 leak area
equal to the product of the closure circumference and the roughness of the lid and the lid well

- where they contact inside of the closure, whenever the cask shell temperature exceeds 450°C. In

addition, all of the rods in the cask are assumed to fail by burst rupture when the cask inner shell
temperature reaches 750°C = T,, and, whenever rod failure occurs, the fire is assumed to burn
long enough to heat the cask to T, = 1000°C, the average temperature T, of a hydrocarbon fuel
fire which is here assumed to be 1000°C Therefore, for Category Fxre—only accidents,

fr = fburfRC!(] —fap ) 1- Pum To ' 3
Pb Ty

where f,. = 1.0 is the fraction of rods in the cask that fail when the cask internal temperature
reaches the rod burst temperature T,.

7.2.5.6 Expansion Factor Ratios
Now let f, = PP XT/T): £, = T/T,, £, = (P ! Piep) (T T f, = @./P)TJ/T), and f, = .

PPy After substitution of thesc expansion factor symbols, the equations for release causcd
by collisions that do not initiate fires, by co]hs:ons that do initiate fires, and fires not initiated by
collisions reduce to:

Accident Category Term Part Failure Temperature
: Mode Range
Collisions that do not initiate Fires e
fo= fofce (11 )(1-£) 1 Impact T,
Collisions that initiate Fires : .
fo= fofe (1 fq)(l -f)) ' 1 1  Impact T,<T,..<T,
+ £ fee (11, )(1-5) 1 2 T<T.<T,
+ 1 foen (1 )EN 1) 1 3 T,ST_<T,
+ (- e (1, )(1-1) 2 Rupture T,sT_<T,
Fires without Collisions .
fo = Q£ )0 (1, )1-F) 1 Rupture T,<T_<T,

7.2.6 Acéident Cases
The four accident categories, the four velocity ranges, and the three temperature ranges defined

above allow 18 truck accident cases and 20 train accident cases to be defined. For truck
accidents, the 18 accident cases consist of one Category 4 case, twelve Category 5 cases, four
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Category 6 cases, and one Category Fire-only case. Table 7.10 presents the characteristics (cask
failure mechanism, impact velocity range, and temperature range) of each truck accident case.

In Table 7.10, the single Category 4 accident case represents collisions that do not initiate fires
but are so severe that the impact forces fail the cask seal and also all of the rods in the truck cask.

The twelve Category 5 accident cases occur in four groups of three accident cases. The first
three groups represent collisions that are not severe enough to fail the cask seal but initiate fires
that heat the cask to temperatures greater than the temperature where the cask seal fails by
thermal degradation. The fourth group of three Category 5 accident cases represents collisions
that both initiate fires and are also so severe that they fail the cask seal on impact. Because for
these three cases v, 2 v,,, the initial impact also fails all of the rods in the cask. Cases 14
through 17, the Category 6 accident cases, are the same as Cases 4, 7, 10, and 13 except that a
second failure of the cask by puncture or shear is assumed. Because of the double failure of the
cask, it is also assumed first that flow of combustion gases or air through the cask carries out to
the environment all fission products released from the rods to the cask interior while the cask is
hot, and second that oxidation of fuel and of RuO, enhances the releases of Cs and Ru compared
to the releases that characterize Case 4, 7, 10, and 13 accidents. Finally, the single case in the
Fire Only category represents fires not initiated by collisions that heat the cask to temperatures
high enough to fail all of the spent fuel rods by burst rupture and also the cask seal by thermal

degradation.
Table 7.10 Truck Accident Cases

Category | Case | Cask Seal Failure by Velocity Range ° Temperature Range |
Impact Fire ) vV, | VooV | Voo Vi | 2% | T-T, | T-T, | T'T,
4 1 X X
S 2 X X X
3 X X X
4 X X : X
5 X X X
6 X X X
7 X X X
8 X X X
9 X X X
10 X X X
1 X X X
12 X X X
13 X X X
6 14 X X X
15 X X X
16 X X X
17 X X X
Fire Only | 18 X X
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If a term for the deposition of particles and vapors, while a fire is heating the cask to elevated
temperatures, were added to Equation 2, then Category 5 accident Cases 8, 9, and 10 would have
slightly smaller release fractions than Category 5 accident Cases 11, 12, and 13. Because particle
and vapor deposition during periods of cask heating by a fire is neglected, the release fractions
calculated for accident Cases 11, 12, and 13 will be the same as those calculated for accident
Cases 8, 9, and 10. Finally, because the rod failure fractions (f,,....) for the four Category 6
accident cases (Cases 14, 15, 16, and 17) are ordered as follows,

fnd.hp-a.Cu: 1 < fluunmCu: 15 < f-uunpu.cm 6= fnd.hm&: "

the release fractions for these four accident cases have the following order:

fmmx4>fm1s>fMu=fmn

increasing the fraction of rods failed by impact decreases the release fraction for Category 6

accidents because for this accident category, deposition processes are assumed to be effective for .

materials released to the cask interior when rods are failed by impact but is neglected when rods
fail by burst rupture. Deposition is neglected following burst rupture because the combustion
gases that are assumed to be flowing through the cask during Category 6 accidents are also

~ assumed to camry all materials released to the cask interior out to the environment without

significant depletion by deposition to cask interior surfaces.

For train accidents, because rail cask seals may fail for impacts onto an unyielding surface at
some orientations at speeds as low as 60 mph, the train accident matrix consists of 20 accident
cases, three Category 4 cases, twelve Category 5 cases, four Category 6 cases, and one Category
Fire-only case. Table 7.11 presents the characteristics (cask failure mechanism, impact velocity
range, and temperature range) of each train accident case.

7.2.7 Source Term Probabilities .

For transportation -accidents, the probability P that an accident is so severe that it generates a
source term that leads to consequences with magnitude M is expressed as the product of the
probability that any accident occurs (P, ), the probability that the truck or rail car carrying the
cask is involved in the accident (P,,,,,), and the fraction of all possible accidents (F,_, ) that lead
to releases of radioactivity that cause consequences of magnitude M. Therefore,

P=P_.Po.F.., | @
7.2.7.1 Accident Probabilities '

The .probability that a truck or train is involved in an accident of any severity while traveling a
route of length L is usually expressed as the sum of the chances that an accident occurs on the
urban, suburban, and rural portions of the route. Thus,

3 .
Pcidens = Z,Lmemmidenun
m=1
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where m is 2 link index, which is here used to denote the urban, suburban, and rural portions of
the route, Rate_.,. . is the accident frequency, without regard to severity, per unit distance
traveled on the urban, suburban, and rural portions of the route, and f_ is the fraction of the route
length that is urban, suburban, or rural. Values for L, f,, and Rate_,_ were developed in

_Sections 3.3.1 and 3.3.2. :

Table 7.11 Train Accident Cases

Category § Case | Cask Seal Failure by Velocity Range Temperature Range |
' Impact | Fire |v,-Ve | Ve-Vo | VeV | 2V | T-T. | T-T, [ T.-T,
4 1 X . X
2 X X | -
3 X 1 X
5 4 X X X
5 X X | X
6 X X X
7 X X X
g X X X
9 X X X
10 X i X X
11 X X X
12 X X X
13 X X X
14 X X X
15 X X X
6 16 X X X
17 X X X
18 X X X
19 X X X
FireOnly | 20 . X X

7.2.7.2 Vehicle Involvement

Values for P, the probability that the vehicle carrying the spent fuel cask is involved in the
accident, are developed in Section 7.4.2 directly from accident data. Thus, P is not
formulated as an algebraic combination of other variables. '

7.2.8 Accident Severities

The massive nature and robust construction of Type B spent fuel casks mean that only an
extremely severe collision and/or a hot, long-duration fire can cause both the cask and a
significant fraction of the spent fuel rods being transported in the cask to fail. The severity of & -
collision accident depends on accident type, accident speed, cask impact angle, the hardness of
the impact surface, the fraction of the accident energy that is consumed damaging structures
other than the cask, the size of the cask failure, and the fraction of the rods in the cask that are
failed by the impact loads. Because only a hot, long duration fire can heat a spent fuel cask to
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temperatures that are high enough to cause both the cask seal and spent fuel rods to fail, the
severity of fire accidents depends on fuel type (combustion characteristics), the amount of fuel
available to be burned, the effects of fuel runoff and of adsorption of fuel by the ground, fuel
availability and rate of combustion, the stand-off distance of the fire from the cask, and the size
of the cask failure.

7.2.8.1 Severity Fraction Expressions

Let P, be the probability that an accident follows accident scenario j (the probability of path j
on the truck or rail accident event trees depicted in Figures 7.3 and 7.4). For collision accidents,
let P, . b the conditional probability that during the collision the cask shell is failed by

puncture or shear and P__,, be the probability that the cask impact speed v for collision accident

scenario j is large enough to cause consequences of magnitude M by itself for collision-only
accidents or in conjunction with the effects of any ensuing fires for collision accidents that
initiate fires. For accidents that involve fires (collisions that initiate fires and fire-only
accidents), let Py, ..., be the probability that accident scenario j initiates a fire and P, ..., be
the probability that the fire raises the temperature of cask k high enough to cause the addmonal
damage (seal failure by thermal degradation and rod failure by burst rupture) required to produce
consequences of magnitude M.

Given these definitions and assumix;g that these probabilities are largely independent, for
collisions that don’t initiate fires (Category 4 accidents), .

Fuwn‘xy.l = P scennriog queedJ ) ’ ' . . (5)

where P__. . is the probability of accident scenario j and P, is the probability. that the cask
impact speed for accident scenario j is large enough to cause consequences of magnitude M, and
all of the probabilities are conditional probabilities that are conditional on the occurrence of an
accident and each probab:hty in this and subsequent expressions is also conditional on the
probabilities in the expression that precede it.

For Category 5 accidcnts that involve collisions that initiate fires,
Frrins = Prcasio; P PMJPWM (6)

For Category 6 accidents that involve collisions sufficiently severe to fail the cask shell by
puncture or shear and its seal by warping of the seal seat,

me= PMJPMPMPmmPMM ' )
And for Category Fire-only accxdents that don’t involve collisions,

Fiins = P Pross | | | ' ()

because by definition P, ..., = 1.0 for fire-only accidents.
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7.2.8.2 Accident Velocity Probabilities

In Section 7.2.5.1, four ranges for the cask impact speed v were defined, v, S V< v, Vo, SV <
Vo Vgo € V <V, and v, S v, Where vy, v, v, and v,,, are the impact speeds for end, comer, or
side impact orientations onto real yielding surfaces that cause the same damage to the cask and
its contents (spent fuel) as is caused respectively by end, corner, and side impacts at speeds of 30,
60, 90, and 120 mph onto an unyielding surface. Thus, P, , the probability that the cask impact

» speed v for collision accident scenario j is large enough to cause consequences of magnitude M

has four values, one for each speed range. Specifically,

speed, j (v30'v60) Z Ponentaum,m [Pspecd. jm (v60 ) Pspeed, jm (V30 )]

msl

{ Pipeedj (Vao- Voo )= Zponentaum m [Pspeed.Jm (VQO) = Pipeed jm (VGO )]

msl

Pspeed.;(‘@o-"xzo) zPonentanon,m[Pspeed.jm(vlzo) Pspead.Jm(v%)]

m-:l

Pipeca j(2 V120) = Zpoan fl.0- Pspeed.Jm(VIZO)]

 m=]

- where vy, Vg, Vi, and v,,, have different values for each cask/surface combination, P,__,__ is the

ancutauonm

probability that the cask impact is an end, comer, or side impact and P__, .(Vy), P ... (Ve),
Pose(Vso)s and P, (v,,)) are respectively the cumulative probabilities for impact orientation m
and accident scenario j that the cask impact speed v is S v, SV, S Voo AN S V5.

7.2.8.3 Accident Fire Probabilities .

In Section 7.2.5.2, the internal temperature of the cask under ambient conditions T,, the cask seal
failure temperature T,, the rod burst rupture temperature T,, and the average temperature of
hydrocarbon fueled fires T, were used to define three temperature ranges: T,<T_,<T,T,<T.,
<T,and T, < T,, <T,. Now, for fire-only accidents or collisions that initiate fires, let
P . be the probability that the cask and the fire are co-located (i.e., that the cask is not
significantly offset from the fire), P, .. be the probability that the fire diameter is large
enough to make the fire optically dense to loss of energy from the cask (i.e., the fire diameter is
about 3 m larger than the fire diameter that just engulfs the cask), P, be the probability that
the flame temperature of the fire is high enough to raise the temperature of the cask internals to &
temperature that falls within one of the three temperature ranges, and P, be the probability
that the fire burns long enough so that the cask internals actually reach a tcmpcraxurc in that
temperature range. Fmally, for colhsxons that initiate fires, let P, ... be the conditional
probability that scenario j initiates a fire. -

Given these definitions

P e res = Peotocnins Popoicaty sease Prume wmp Praion ' ®
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where Po i Poscaty denser Poogutting’ Prune empe @04 P, Will have different cask-specific values for
each of the three temperature ranges, T, < T, <T,T,<T_, < T, and T, STu<T,

7.3 Values for Release Fraction Parameters
'7.3.1 Fission Product Release from Failed Rods to the Cask Interior

. When 2 spent fuel rod is failed during a transportation accident, depressurization of the rod
causes particles (fuel fines) and fission product gases, for example, noble gases and condensible
vapors such as Cs atoms, gasborne at the time of rod failure, to be carried into the cask by the
flow of He out of the failed rod. Release of fuel fines may be increased if fines on pellet surfaces .
are entrained into the depressurization flow of rod gases and might be decreased if these fines
must flow through and thus be filtered by a bed of larger fines before they reach the location of
the rod failure. Release of vapors may be increased if exposure of fuel peliets to the cask
atmosphere upon rod failure leads to changes that increase the rate of release of fission product
species from the pellets (e.g., oxidation of UO, or RuO,).

73.2 Noble Gases

Because spent fuel rods are usually pressurized with He to sbout 30 atm, when a rod fails,
depressurization to 1 atm causes 29/30 of the He in the rod to flow into the cask. Thus, the rod-
to-cask release fraction F, for noble gases is 29/30 = 0.97 = 1.0.

A 7.3.3 Particles

When first removed from a reactor, spent fuel rods contain particles of UO, called fuel fines. If
during a transportation accident a spent fuel rod is subjected to large impact forces, fracturing of
fuel pellets will generate additional particles of UO,. If these impact forces or heating of the rod
by a fire cause the rod to fail, the rush of rod. gases over pellet surfaces during rod
depressurization will cause some of the UO, particles to be entrained into the depressurization
flow of gases which may then transport them to and through the rod failure into the cask interior.
Transport of particles through ‘the gap to the rod failure will be inefficient for particles with
diameters similar to the gap width. In addition, if the large fuel fines in the gap act as a granular
bed, then transport of particles with diameters smaller than the gap width may also be inefficient
if these particles are efficiently captured by the bed of larger fuel fines.

Significant transport of particles from failed rods to the cask interior will occur only during rod
depressurization. Once rod depressurization has occurred, deposition of particles still gasborne
within the failed rod onto cladding and pellet surfaces will be much more rapid than transport by
diffusion out of the rod to the cask interior, and entrainment of particles off of fuel pellet and
cladding surfaces into diffusive gas flows will not occur as the velocities of diffusive flows are
much to small to cause particle entrainment. :

Release of particles (fuel fines) from H. B. Robinson one-foot-long spent fuel rod sections upon
rod failure due to burst rupture was examined experimentally by Lorenz, et al. [7-27] during high
temperature tests. Most of the particles released from the rod were found to be of sizes that
deposited very rapidly onto surfaces inside of the furnace tube used to heat the test sections to
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burst rupture temperatures. Examihation of five radioactive particles by scanning electron

microscopy indicated that the particles deposited in the furnace tube were large (range of .

(diameters, 140 to 210 pm) while the particles that escaped from the furnace tube had diameters
<10 pm. Lorenz, et al. calculated release fractions for fuel fines (particles of UO,) for release
into the furnace and for escape from the fumace. Table 7.12 summarizes these experimental

release fractions and shows that the fraction of respirable particles (particles with diameters € 10

jm) that escaped from H. B. Robinson spent fuel rod test sections during the burst rupture tests
of Lorenz, et al. was about 3.1 x 10% = (2.4 x 10%)(0.013).

Table 7.12 Experin;enta] Release Fractions for Fuel Fines

Test Fraction UO, Released | Fraction of U0, Mass Released
: from the Test Section to to the Furnace Tube that
' the Furnace Tube Escapes from Furnace Tube
i HBU-7 1.6 x 10 ~0.02
HBU-8 4.1 x10* - <0.01
HBU-9 1.8x10° . ~0.01
HBU-10 22x10* ~0.02
Average 24 x10* ~0.013

* Release of particles (fuel fines) from one-foot-long sections of Turkey Point spenf fuel rods upon

rod failure due to burst rupture was examined experimentally by Burian, et al. [7-32, 7-32)
during high temperature tests. In.a typical test, the fraction of UO, mass released upon rod
rupture was 4.2 x 10" and about 90 percent of this particle mass deposited onto surfaces inside of
the furnace used to heat the test sections to burst Tupture temperatures. The particles that
constituted the remaining 10 percent of the particle mass escaped from the furnace and were
collected on the stages of a bank of downstream impactors. These particles had aecrodynamic
diameters of 4 pm or less. Thus, the fraction of respirable particles that escaped from Turkey
Point spent fuel rod test sections during the burst rupture tests of Burian, et al. was about 4.2 x
10° = (4.2 x 10%)(0.1), which is quite similar to the results obtained by Lorenz, et al. and
suggests the use of this value to estimate release from the one-foot portion of a real spent fuel rod
that contains the rod rupture. .

During collision accidents, the impact forces should lead to the production of additional fuel
fines due to fracturing of fuel pellets. In 1994, DOE published a Handbook of airborne release
fractions for nuclear materials [7-34). The handbook presents the following relationship between
the fraction F__,, of a brittle material that is converted to respirable particles upon impact onto a
hard surface. .

F oo = Apgh

where A =2 x 10" cm’/g cm'sec? is an empirical constant determined by impact tests on glass
and ceramic specimens, p is the material (specimen) density, g is the acceleration due to gravity,
and h is the fall-height. But mgh = 0.5m(v,,..)" where v, is the impact velocity of the
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specimen onto the hard surface. So F,_,,. = 0.5Ap(v,,..) Therefore, because fuel pellet

densities are about 10 g/cm’, for 30, 60, 90, and 120 mph pellet impacts onto cladding surfaces,

one might expect the following fractions of the pellet mass to be converted to respirable particles,
1.8 x 10* at 30 mph, 7.2 x 10" at 60 mph, 1.6 x 10” at 90 mph, and 2.9 x 10°, at 120 mph.

The distribution of particle sizes produced by impact fracturing of depleted UO, pellets has been
determined experimentally [7-35). Figure 7.5 presents the experimental cumulative distribution
of particle sizes. The figure shows that almost 99.99 percent of the particles produced by impact
fracturing of depleted UO, pellets have diameters 2 10 pm. This data suggests that, during
impact accidents, pellet fracturing would be expected to generate a bed of particles with
diameters 2 10 pm that fills the pellet cladding gap in the spent fuel rod and any internal crack
network in the fuel pellets. T :
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Figure 7.5 Fracture particle size distribution for depleted UO,.

Capture of particles by a granular bed has been examined by Otani, et al. [7-36] who find that
interception is the dominant removal mechanism for particles that are somewhat smaller than the
average diameter of the bed particles. For such particles, Otani, et al. state that the single particle
interception removal efficiency 1, is '

Ty = 16R2"R/Re240)

and the total bed removal efficiency E is
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where R = d/d,, d, is the diameter of the particles entrained in the gases flowing through the
granular bed, d, is the diameter of the particles that comprise the granular bed; Re = pAu/p is the
Reynolds number of the gas flowing through the bed (He for spent fuel rods); u, = ujo; pp u, v,
and p are the density, interstitial velocity,. superficial velocity, and dynamic viscosity of the gas
flowing through the bed; a is the particle volumetric packing density, and L is the bed length.

Now, if 7 is equated to n, (i.e., &ll removal mechanisms other than interception are neglected),
then for a fixed value of E, for example 0.99, L increases as 1, decreases. Thus, use of larger
values for d, and Re will generate larger values for L. Accordingly, since the experiments of
Lorenz, et al. show that the largest particles that escaped from the spent fuel rod sections upon
burst rupture had diameters of about 200 pm, let d, = 200 pm. A CONTAIN calculation -
described below indicates that u, = 6 x 10 cm s” for He flow through a one-foot section of &
spent fuel rod that has a 20 pm gap and is pressurized to 18.6 atm. Because v, should be
increased by higher pressures and decreased by longer flow lengths, this value is reasonable for a
full length rod pressurized to 30 atm. Thus, y, = 1.2 x 10’ cm s™.. Becanse a bed of 200 pm
particles formed in the 20 um pellet cladding gap must look something like a single layer of
spheres, a = (4/3)re’/(21)’ = 0.5. For He at 750 C, the likely burst rupture temperature for spent
fuel rods pressurized to 30 atm, Re = 77 and thus 7, = 16R'”". For He at 350°C, the approximate
temperature of spent fuel rods during normal transport and thus the rod depressurization
tcmpcfgturc when failure is caused by collision impact rather than burst rupture, Re = 311 and N
=16R". ' :

Now, let the bed efficiency E = 0.99, whereupon L = 6.14 x 10°m,. Table 7.13 presents, for
several particle diameters d, of interest, values of 1N, and L for a single layer bed of 200 pm
particles with He Reynolds numbers of Re = 77 or 311. The table shows that this bed will
remove particles with diameters 2 1 pm with an efficiency of 0.99. Thus, respirable fines with
diameters of 1 to 10 pm should also be removed with similar efficiencies from the
depressurization flow of He through the gap of a full length spent fuel rod that occurs when the
rod fails due to impact loads or thermal burst rupture.

Table 7.13 Granular Bed Lengths that Provide 99 Percent Filtering Efficiencies

d (um) Re =77 Re = 310
e L(cm) T, L(cm)
30 1.00 0.06 1.00 0.06
10 0.20 0.31 0.29 0.21
1 6.6 x 10° 9.3 1.3 x10* 4.7
- 0.1 |84x10° |728 6.0x 10" |102
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Teble 7.13 indicates that beds with lengths of 0.06, 0.31, and 9.26 cm would be expected to
provide 99 percent filtering efficiency respectively for particles with diameters 2 30, 2 10, and 2
1 pm. Thus, it seems reasonable to conclude that only about one percent of the respirable fuel
fines in a spent fuel rod will be able to be transported by depressurization gas flows through a rod
gap filled with fuel fines with diameters of order 50 to 200 pm.

Based on the preceding discussion, a2 rod not subject to impact (no particle production by
fracturing of UO,) might be expected to generate during depressurization a plug (bed) of fuel
fines in the rod gap that would cause fines not in the one-foot section of the rod that contains the
rod rupture to be filtered while the fines in the one-foot section would escape with negligible
diminution due to filtering. Therefore, a reasonable estimate for F,, the rod to cask release
fraction for respirable fuel fines (particulates), for a rod not subjected to impact (no particle
production by fracturing of UO,) is :

{ 1

-6 11
=4 xlo — e e () =3. =7
F.={2 )[12+12(001)] 39x10

and because an 0.3 cm long bed of 200 p particles will capture 99 percent of the respirable fuel
fines that enter the bed, reasonable estimates for rods subject to impact fracturing are

F, =(6.2x10% +29x10°)[ 92 4 14373 6 01)| = 3.4x10®  for 120 mph impacts,
Tas 1
Fyo = (4.2x10% +1.6x10?) %4275 +-“T?4%§(onl) =19x10° for 90 mph impacts,

" Fy =(.2x10° +72xx104)[_%§ 14375
: 144 144

Foc =(4.2x10% + 1.sx104)[_°'25 +143.73
144 144

(0.01)] =8.5x10°  for 60 mph impacts,

(0.0 1)] =22x10°  for 30 mph impacts,

where the first term in the brackets in these expressions represents particle release from the 0.25
inch (0.25 inch = 2 x 0.3 cm) portion of the rod that contains the rupture and the second term
represents particle release from the other 143.75 inches of the rod, 0.01 represents the fraction of
respirable fines that will pass through a plug or a bed of larger fuel fines, the release fraction
value of 4.2 x 10 reflects the experimental release fractions for respirable fuel fines measured -
for the one-foot-long experimental test sections of Lorenz, et al. [7-27] and Burian, et al. [7-32),
and 2.9 x 10?, 1.6 x 10°, 7.2 x 10%, and 1.8 x 10" are estimates of the fractions of UO, mass in
fuel pellets converted to respirable fuel fines by impact fracturing as a result of 120, 90, 60, and
30 mph impacts. Finally, given the precision of this analysis, use of values of 4 x 107 and 3 x
10° respectively for F,_ for release of particles during non-impact and impact accidents seems
appropriate.
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734 Cesium

The amount of a condensible vapor (e.g., Cs atoms) carried from a failed rod to the cask interior
should be determined by the free volume of the rod (the sum of the rod. plenum volumes, the
cladding gap volume, and the volume of the internal network of cracks in the fuel pellets
contained in the rod) and by the partial pressure of the condensible vapor at the rod temperature
at the time of rod failure. If rod depressurization leads to the adiabatic expansion of rod gases,
significant cooling of those gases and of the cladding and pellet surfaces that they contact could
take place. If this happens and if the condensible vapors in the rod helium encounter a cooled
surface before they are carried out of the rod into the cask, significant condensation onto fuel
pellet and rod intemal cladding surfaces may take place which would significantly decrease the
amounts of condensible vapors released to the cask. Thus, one might expect release fractions for
condensible vapors to reflect the partial pressure of the vapor at either the burst rupture
temperature of the rod or the temperature of pellet and/or cladding surfaces that have been
‘substantially cooled by adiabatic expansion of gases during rod depressurization.

After a failed rod has depressurized, if the cask and rods are heated by a fire to elevated
temperatures, fission products volatile at fire temperatures may vaporize from pellet surfaces and
then diffuse out of the rod into the cask interior. Thus, condensible vapors could be released
both by transport in rod depressurization gas flows and, after rod depressurization, by diffusion
from the rod free volume through the rod failure into the cask.

7.34.1 Cs Release Fractions for Burst Rupture and Diffusion

Lorenz, et al. examined release of Cs from heated sections of simulated [7-37] and- real [7-27)
spent fuel rods by diffusion and during depressurization following rod failure due to burst
rupture. By fitting their experimental results, Lorenz, et al. developed empirical models for the
release of volatile fission products due to burst rupture of pressurized spent fuel rods and
diffusion subsequent to burst rupture [7-38, 7-39]. For burst rupture, the following model -
applies,

: | 08
Fopr = AIAIT‘::’:; = VpoM ;zg;zma (% ) €xp [_ (%)] ' (10)

‘where M,__ is the mass (g) of the volatile fission product released due to rupture of the fuel rod

while pressurized, M__, is the mass (g) of the total inventory of the fission product in the rod, V_
is the volume (cm®) of rod gases released from the rod due to rod rupturc calculated at 0°C and
system pressure (0.3 MPa in the expenmcnts of Lorenz, et al.), F, is the fraction of the total
inventory of the fission product that was in the fuel-clad gap at the time the rod ruptured, 4_, is
the area (cm®) of the clad with which the fission products in the fuel-clad gap are associated (the
surface area of the active length of the fuel rod), T is the temperature (K) of the gap gases at the
time of rod rupture, and o and C are adjustable constants determined experimentally for each
fission product.

For release by' diffusion after rod failure, the following model applies,
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where R, is the initial rate of diffusive release (g/hr), T is the diffusion temperature (K), tis the
time at the diffusion temperature (hr), W is the width of the fuel-cladding gap (um), P is the
system pressure (MPa), and 8 and vy are adjustable constants determined experimentally for each
fission product.

Table 7.14 presents the values determined experimentally for Cs by Lorenz, et al. for the
adjustable constants in Equations 10 and 11.

Table 7.14 Parameter Values for Lorenz Release Expressions for Cs

Parameter . Cesium
a (g/em’)(g/em’)™ 3.49

c X' - 7420

8 (g MPa/pm hr)(g/em’)* 1.90 x 10°
vy K' . 1.98 x 10°

7.3.4.2 Relative Importance of Cs Release by Burst Rupture and Diffusion

Table 7.15 presents relcase fractions for Cs from spent fuel for several temperatures of interest
~ for release due to burst rupture and for 24 hours of release by diffusion (IV-5). These release
fractions were calculated by Sanders, et al. [7-40] using Equations 10 and 11 and the values of
the adjustable constants presented in Table 7.14. ' '

Table shows (1) that, relative to burst release, release by diffusion is not significant at or below

600°C and (2) that, during a long duration (24 hotrrs) engulfing ‘hydrocarbon fuel fire, diffusion
increases total release by a factor of about three over release by burst rupture:

(burst rupture + diffusion)/(burst rﬁpture) =
(57x10° +9.8x 109(5.7x 109 =27

The thermal analyses presented in Section 6 showed that it takes about six hours for an engulfing
hydrocarbon fire to heat a spent fuel cask to the average temperature of the fire (1000°C) and the

fire statistics presented in Section 7.4.4.1 show that hydrocarbon fires with durations of 6 hours

or more are quite rare. Therefore, only 2 highly improbable fire will be able to heat a cask to
average hydrocarbon fire temperatures for more than a few hours. Now, because the exponent in
Equation 11 is small, diffusive release for 2 hours at 1000°C will be gbout 1/12 of the diffusive
release produced by 24 hours at 1000°C. Therefore, the diffusive release fraction for a 6-hour
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fire during which the cask is at 1000°(£‘ for 2 hours will be about 0.8 x iO“ or about .1/7 of the
. burst rupture release fraction. So for almost all fires, diffusive release will not be important
compared to burst release. Consequently, release of Cs by diffusion is ncglected

Table 7.15 Comparison of Cs Release Fractions for
Rod Burst Rupture and Diffusive Release

Temperature Release Fraction
Value (C) ' Condition Burst Diffusion
Rupture (for 24 hours)

300 . | Normal Transport | 4.6x10’ 1.3x10"
530 | Regulatory Maximum 1.9 x 10° - 1.7x%107
600 3.9 x 10° 1.1 x10°*

. 800 | Regulatory Fire 1.9 x 10* 6.4 x 10°
1000 Hydrocarbon Fuel Fire 5.7 x 10" 9.8 x 10"

7.3.4.3 Rod Cooling During Burst Rupture

The influence of adiabatic expansion of rod gases during rod depressurization on the temperature
of those gases was examined by performing CONTAIN code [7-41] calculations that modeled
the temperatures of the rod gases during depressurization upon burst rupture of the HBU-7 spent
fuel test section examined by Lorenz, et al. [7-42]. The analysis focused on the thermal-
hydraulic conditions of the helium fill gas in the test section during the blowdown from the
initial test section pressure, after rod failure caused by induction heating.

7.34.3.1 HBU-7 Test Section Model

The six-cell model used to represent the HBU-7 rod test section during these calculations is
depicted in Figure 7.6. Table 7.16 presents the identities, volumes, and initial conditions of these
six cells just prior to rod failure. As Figure 7.6 and Table 7.16 show, the helium reservoir
attached to’ the 30.48-cm-long HBU-7 test segment was modeled by one cell, the rod test
segment by four cells, and the bulge formed in the test segment cladding just prior to segment

 failure by one cell. Upon failure of the bulge by burst rupture, gases in the test section were

vented through the failure to the environment, which was thus in effect a seventh cell. Three of
the six cells described in Figure 7.6 and Table 7.16, Cells 3, 4, and 5, represent those sections of
the rod test section that were directly heated by induction during the burst rupture experiment.
Because they were not directly heated, the temperatutes in Cells 1, 2, and 6 were much lower
than the temperatures in Cells 3, 4, and 5. The volumes assigned in Table 7.16 to the cells
include an estimate of the effects of clad swelling, as described in Reference 1. The volumes are
several times larger than the volumes implied by the hydraulic diameter, D, = 43.2 pm, of the
annular gap in the rod test segment, a value that was deduced from the steady-state rod
blowdown measurements [7-43].
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Cell 4 (Bubble)

Figure 7.6 Schematic of the CONTAIN Model for the HBU-7 rod blowdown test.

~

Table 7.16 Initial Condi_tions and Volumes for the CONTAIN Model Cells

Test Section Cells
Cell Name Reservoir | Left End | Left Middle | Bulge | Right Middle | Right End
Cell No. 1 2 3 4 5 6
Rod Length in Cell (cm) 0 8 12 2 4 6.48
Initial Pressure (bars) 18.66 18.66 18.66 18.66 18.66 18.66
Initial Temperature (K) 303 742 1181 1181 1181 742
Cell Volume (cm®) 433 0.44 045 1.9 0.15 0.36

*Heat sinks were not modeled in the bulge.

As indicated in Figure 7.16, Zr and UO, heat sinks were modeled in Cells 2, 3, 5, and 6. Each of
the Zr and UO, sinks in a cell were assumed to have an effective heat transfer area *DL, where D
is the fuel pellet diameter (0.932 cm), and L is the length of the rod section represented by the
cell. These heat sinks are expected to be important during the blowdown of the test segment,

because they tend to offset the cooling effects caused by gas expansion. Note that the heat
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transfer areas of the UQ, heat sinks were calculated assuming that the gas in the rod test section
is confined to the rod’s annular gap. Because this assumption neglects the surface area of any
internal crack network in the fuel pellets, the UO, heat sink areas are minimums.

The time constant t, for heating of gas within the annular gap can be estimated by

_C,pDy’

1, =
A 4Nuk

where C, is the specific heat of the gas, p is the gas density, k is the gas conductivity, and Nu is
the heat transfer Nusselt number. Here, Nu is taken to be Nu = 8.32, the Nusselt number

appropriate for fully developed laminar flow in an annular gap [7-44]. This value corresponds to '
the case with equal heat flux from the inner and outer walls into the gap. As discussed below, an
order of magnitude result, not a precise value, is of interest here. For this Nusselt number, the

" ghove equation gives very small values for the time constant, e.g., t, = 5.5 X 107 s at 1180°K.

This value for t, implies nearly instantaneous equilibration between the heat sinks and the gas
passing through the annular gap. However, it also indicates that the timesteps required for
stability in the CONTAIN calculation would be much less than the code was designed for.
Therefore in the CONTAIN results discussed below, Nu was taken to be 1,000 times smaller (Nu
= 0.00832), a value that allows reasonable calculation times but still demonstrates the isothermal
nature of the blowdown at late time.

Along with the heating time constant, the time constant t, for equilibration of volatile fission
product concentrations in the gap is also needed. From the heat and mass transfer analogy
[7-45], this time constant is given by :

D 2
b 4 =—.E_—
" 4NuD,

where D, is the diffusivity of the fission product in helium.” One can estimate this time constant
from kinetic theory. For L, for example, at 1180°K and a total pressure of 20 atm, one obtains t,
=2.9 x 10* s, which is also a very short time. ‘

In the CONTAIN calculation, flow between cells was assumed to be governed by a combination
of laminar and turbulent losses of the form '

W2
AP:KUW*-CFC;—A?

where v is the gas kinematic viscosity, K is the laminar loss coefficient (m™), W is the mass flow
rate, C,. is the CONTAIN turbulent loss coefficient, and A is the flow area. To determine K, the
effective hydraulic diameter D,, for the annular gap was used. From the standard expression for
laminar flow, this corresponds to a coefficient K equal to 4.07 X 10* L, where L is in meters. In
the CONTAIN model, the laminar loss along the rod was allocated to the flow junctions so that
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one-half of the laminar loss within a cell was assigned to each junction involving that cell. The
flow junction characteristics are summarized in Table 7.17.

Table 7.17 Flow Junction Characteristics in the CONTAIN Model

Junction Cells1-2 | Cells2-3 | Cells3-4 | Cells4-5 | Cells5-6 | Cells 4.7
Flow Area (cm’) | 0.0198 | 0.00632 | 0.00632 | 0.00632 -] 0.00632 0.02
Km? 1.63 x10" | 4.07x10" | 2.44x10% | 8.14x10" | 2.13x10" 0
C. 1.35 0 -0 0 0 1.35

73432 CONTAIN Calculation Results |
Figures 7.7 and 7.8 present the CONTAIN predictions for the HBU-7 rod burst rupture test.

Figure 7.7 gives the pressures in the cells along the principal blowdown path, starting with Cell 1.

(the reservoir) and ending with the bulge region (Cell 4) where the rod failure occurred. This

figure indicates that the bulge region depressurizes on a very short time scale. The reservoir, on.

the other hand, blows down on a much longer time scale. There is reasonable agreement
between the measured depressurization rate and the CONTAIN prediction. Note that somewhat
higher experimental depressurization rate may be the result of clad swelling effects, which would
lead to a larger D, than was deduced from the steady-state experiments. Figure 7.8 indicates that
gas initially in the bulge cools rapidly due to adiabatic expansions. However, as gas from the
rest of the system refills the bulge, there is a rapid temperature rise, and after the initial transient,
the blowdown is essentially isothermal. The gas velocity in the flow junction between Cells 3
and 4, based on the gap flow area from the steady-state experiments, is also shown in Figure 7.8.
The indicated velocities are consistent with an isothermal process, given the time constant for gas
equilibration in the annular gap as discussed above. - '

-~

Since the temperature behavior shown in Figure 7.8 corresponds to a Nusselt number that is three
orders of magnitude smaller than it should be, there is ample margin to accommodate factors
such as clad swelling that were ignored in this analysis. The discrepancy between the measured
and calculated depressurization rates indicates that clad swelling could have been important.
Because the laminar loss coefficient (which depends on D, to the third power) is somewhat more
sensitive to D, than the time constant for equilibration (which depends on D, squared), one can
conclude that the effect on gap heat transfer would be at most comparable to that in the
depressurization rate. The clad swelling would therefore not be large enough to change the
essentially isothermal nature of the blowdown at Jate time.
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Figure 7.7 CONTAIN predictions for the pressures in the HBU-7 experiment.
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Figure 7.8 CONTAIN predictions for the temperature in
Cell 3 and the flow velocity from Cell 3 to Cell 4.

These results suggest that the work done expanding the gases in the plenum region of the rod
causes the gases in the plenum region to cool significantly. However, during transport of plenum
gases through the gap region of the rod to the burst rupture location, heat transfer from cladding
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and fuel pellets to the gases flowing through the gap region heats these gases back to the
temperatures near to the rod burst rupture temperature. Therefore, since the characteristic time
for heat transfer to these gases during flow through the gap region is significantly shorter than the
time required to flow through the gap region, when these gases reach the burst rupture location,
they will again be saturated with Cs vapor species at the burst rupture temperature of the rod.

7.3.4;4 Burst Rupture Release Expressions for Vapors that Contain Cs

Release of a vapors that contain Cs from a failed spent fuel rod, when depressurization does not
lead to significant cooling of the gases escaping from the rupture, should be determined by the
vapor pressure of the Cs containing vapor at the temperature (T,) of the rod at the time burst
rupture occurs. For this case, the mass of elemental Cs released (M,) is given by combining an
experimental or theoretical expression for the vapor pressure of the Cs species (Log. P = -a/T+b)
,with the ideal gas equation (PV =nRT) to obtain the following expression: _

PV v
M. =0, MW = MW —— =MW —410"¥Ts *® - 12
RTTR RT, RT, | ‘.( )

where n, is the moles.of Cs vapors released, MW is the molecular weight of Cs (133 g mole™), P
is the saturation vapor pressure of the Cs vapor at the rod burst rupture temperature T,, V. is the
free volume of the spent fuel rod, and R is the gas constant.

73.44.1 Cs Vapor Species

Condensible Cs vapors likely to exist in the free volume of a spent fuel rod (or rod section) at
burst rupture temperatures were identified using the VICTORIA equilibrium thetmodynamics
code [7-46), which models chemical equilibrium between 288 chemical species. Of these 288
species, 27 were active during these VICTORIA calculations.

The initial molar abundances for active species were taken from the output of the ORIGEN
calculation described in Section 7.2.3.2. In addition, all of the calculations assumed that:

e The spent fuel rod (or rod section) is moisture free.

This assumption is consistent with manufacturing specifications [7-47] which limit
moisture in fuel pellets to 1 ppm by mass and moisture in rod gases to 115 ppm by
volume.

e All cesium and iodine had migrated to the surfaces of the fuel pellets.

This is a conservative assumption, because only a few percent of the cesium and
jodine in a fuel pellet would be present on or would migrate to the surface of the
pellet under transportation accident conditions. ~Moreover, the calculation of
equilibrium is insensitive to the abundances of species on fuel surfaces as long as
there are sufficient amounts of the equilibrating species to establish an equilibrium
between species that exist in both the condensed and vapor phases.
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* Alliodine is initially present as cesium jodide (CsJ).

. o Excess cesium not initially present as CsI is initially present as Cs,UO,.
¢ CsIand Cs;UO, form &n ideal solution. | |
¢ The gas phase (free volume of tixc rod) is initially pure helivm.

Figure 7.9 shows the variation with temperature of the concentrations of Cs vapor species
predicted by the VICTORIA code to exist in the rod free volume. The figure shows that the
important cesium species are predicted to be Cs,L, CsI, Cs, and Cs,0. The figure also shows that

at 750°C (1023°K), the likely burst rupture temperature of intact spent fuel rods, CsI(g) is the
dominant Cs vapor. :

anally, to test the importance of the assumptions that the rod was dty and that Cs not initially
present CsI is present as Cs,UO,, calculations were performed with Cs,U,0, as the initial
dominant cesium species and with about 0.01 mole-percent steam in the gas phase. The net
cffect of these changes was to reduce the vapor pressures of Cs species.
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Figure 7.9 Variation with temperature of the concentrations of
Cs vapor species predicted by the VICTORIA code
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73442 Exponential Terms in Release Expressions
Because '
FoapMinvensory = M g,

_where M,_ is the mass of a radionuclide, for example Cs,-bn surfaces in the gap of the spent fuel -
rod or rod test section, Equation 10 can be rearranged to yield

08 .
- =an(M‘“"] exol- 4] o (13)

Acta

The experiments of Lorenz, et al. yielded a value of 7240 K for C. Now, if the exponential term
in this equation expresses the dependence of Cs vapors on temperature, then one might expect
that C/2.303 = 7240/2.303 = 3144 K" to be similar in magnitude to the value of a for CsI(g) in
Equation 12. But for CsI(g), 2 = 7960 K. Thus, the value of C dstermined by Lorenz, et al.
does not seem to be consistent with release of Cs principally as CsI(g). However, as the
following derivation shows, the Lorenz value of C is quite consistent with the release of vapor
forms of Cs that are comprised principally of Csl(g), provided release of Cs in particles is also
considered. _ - -

As was stated above, Cs should be released both as a constituent of Cs containing vapors and
also as a constituent of fuel fines blown out of the failed rod or rod section upon burst rupture. If
Equation 13 is equated to the'sum of a vapor release term and a particle release term, then the
following equation results :

0.8 ' '
M vV
g2p -[C = —rod 10~ ¥Te +b ) .
évbum(A ] CXP[ (A‘b )] —MWRTb 10 ’ +Mlnvcntorpramclcs (14)

clad

where F,_., is the fraction of the mass of the fuel pellets in the rod or.rod section that is released
as fuel fines. But for the 900°C burst rupture tests conducted by Lorenz, et al. using sections of
spent fuel rods, 00 =349, V, =97 em’, V_,=V_ =25 cm’, M /A, =124x10°g, T, =
N73°K, M, .., =0456 g Cs, and F, ., = 2.4 x 10*, and for Cs, MW = 133 g, and, when P is
expressed in MPa, R = 8.2 cm’ MP2 K™ mole®, a = 7960 K*, and b = 4.18. Substitution of these
values into Equation 14 followed by solving for C now yields a value of 6250 K for C, which
agrees quite well with the value determined experimentdlly by Lorenz, et al., which suggests that
Cs release at temperatures like those examined by Lorenz, et al. (700 to 900°C) can be treated as
the sum of 2 term for release of vapors that contain Cs, principally CsI(g), and a term for release
of fuel fines that contain Cs atoms. Accordingly, division of the right hand side of Equation 14
by M, ., yields a phenomenologically reasonable expression for the rod-to-cask release fraction
for Cs that is consistent with the experimental results of Lorenz, et al. Therefore, for Cs

Foo =W Viag jgemen

= +Foy (15)
Minmmzy RTI: : pamices
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A maximum value for F, for Cs can be calculated by substituting values of a and b for Csl(g)
into this expression and using the values for F s, calculated above for impact and non-impact
events. Accordingly, because MW, = 133 g mole”, V,,, = 30 cm’, M, = 8.0 g, T, = 1023°K,
F s = 4 X 107 and 3 x 10° respectively, for non-impact and impact events, and for Csl(g) a =
7960 K" and b = 4.18 when P is in MPa, F,. = 1.5 x 10° + 4 x 10" = 1.5 x 10* for fire-only
events and 1.5 x 10” + 3 x 10” = 4.5 x 10°for impact events that initiate fires. As a check, if the
CONTAIN result for the molar concentration of Cs in Cs vapors (e.g., Csl, Cs, Cs,0, and Cs,L)
in the free volume of 2 PWR fuel rod at T = 1025°K is used to calculate F,, then for non-impact
and impact events, respectively, F,. = 1.3 x 10° and 4.3 x 10°. Therefore, to be slightly
conservative, use of F,. = 2 x 10" for fire-only events and 5 x 10 for impact events that initiate

hot, engulfing, optically dense, long-duration fires seems appropriate.
7.3.5 Release Following Fuel Oxidation

- Lorenz, et al. found [7-48] that the diffusive release of Cs, I, and Ru at 700°C was increased
respectively by factors of 54.6, 22.4, and 2.02 x 10 during tests that lasted 5 hours, when the
experimental atmosphere was dry air (test HBU-6) rather than steam (test HBU-1). Increased
release of Cs and I was attributed to the substantial increase in UO, surface area that accompanies

the oxidation of UO, to UO,, when UO, is exposed to air while at elevated temperatures.

Increased release of Ru was attributed to the oxidation of non-volatile asymmetric RuO, to
volatile symmetric RuQ,.

Assume that release of Cs and Ru from the test segment is complete (release fraction = 1.0) for
that region of the test segment that is subject to extensive fuel oxidation. Let F,,__ be the
release fraction per hour for Cs or Ru cansed by diffusive release in a steam atmosphere, F__.
be the release fraction per hour for Cs or Ru caused by extensive oxidation of & portion of the test
segment, and R, .., be the ratio of the total release fraction from the test segment per hour in air
to that in steam. Then, /

Foxidized + Faitrusion _ Foxsaize | _ S ' (16)
Faitfusion Foitfusion

The diffusive release fractions for Cs and Ru in steam were found by Lorenz, et al. [7-49] to have
the following experimental values for test HBU-1: 2,62 x 107 for Cs and 3.6 x 10™ for Ru.
Substitution of values for F,, . and R, into Equation 16 allows the following values to be
calculated for F,,..,: 1.40 x 10° for Cs and 7.27 x 10" for Ru. Now, given the precision of the
experimental data, these two values are essentially the same, which suggests that the enhanced
release of Cs and Ru does occur from the same volume, the volume of the fuel which is
extensively oxidized as a result of the exposure to air while at elevated temperatures, and that
release of volatile species from this small volume of fuel that becomes extensively oxidized is
essentially complete. Now, because F, . is referenced to the total volume of the test segment
(V) rather than to the portion of the test segment that is extensively oxidized due to exposure to
air while at elevated temperatures (V_,_),

Friw Ve=10V,_, ' an

-
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éecéusc the test segment has a lcngth of 12 inches and the fuel pellets that occupy that length
have a diameter of 9.32 mm, the total volume of the test segment (V,) is 2.08 x 10° mm’.
Therefore, use of the larger value for F_,,_, the value for Cs, yields V_,_, = 0.29 mm’. Now,

assume that the enhanced release of Cs and Ru occurs from 2 disc of oxidized fuel that lies just

under the hole predrilled in the cladding of the test segment used in test HBU-6, the test that
measured diffusive release in air at 700°C through 2 predrilled hole with a diameter of 1.6 mm.
Thus, if the diameter of the disc is 2, _, + d,,. then

Voridized = 8 [(2d o530 +dy e )/ 2P doxidized B , (18)
whereupon substitution of 1.6 mm for d,. and 0.29 mm’ for V.. gives d_,_ = 0.11 mm and
Qoiss + 6, = dy,. = 1.71 mm. Since the rate of weight gain by UO, powder, when oxidized by
exposure to low partial pressures of oxygen (Po, =1mm) at 500 or 1000°C, is 0.3 mg min"

[7-50], oxidation of the amount of UOQ, in a disc of sintered UO, powder having a diameter of
1.61 mm and thickness of 0.11 mm should occur in less than a minute, provided that diffusion of

oxygen into the surface layer of a sintered UO, peliet isn’t extremely slow. Accordingly,

oxidation of a disc of sintered UO, with dimensions similar to those considered here, and also of
all of the Ru in that disc, seems quite reasonable if the disc is exposed to oxygen for several
hours while at elevated temperatures (500 to 1000°C). '

Fuel pellet surfaces can be exposed to an oxidizing agent (oxygen or carbon dioxide) while at
elevated temperatures only during accidents that involve fires. For Category 5 and Fire-only
accidents, air can enter the cask through the single cask failure only after the fire dies out and
cask cooling causes air to flow into the cask. Because cooling will cause any fission product
vapors (¢.g., CsI or RuO,) to condense onto cask interior surfaces before they can diffuse out of
the cask to the atmosphere, oxidation of fue] during accidents that fall into either of these fire
accident categories is not of concern. However, fuel oxidation during Category 6 accidents is of
concem because these accidents by definition lead to double failures of the cask. Because of the
double failure, differential heating of the cask could induce a buoyant flow of gases through the
cask. While the fire is burning, the gases flowing through the cask would be combustion gases,
which should contain little molecular oxygen. After the fire dies out, the gas flow would be air.

with durations of several hours may occur, if the collision that initiates these fires also causes a

double failure of the cask, then any sizeable buoyancy driven flow of combustion gases or air
through the cask would be expected to significantly oxidize exposed spent fuel surfaces, which

would substantially increase the release of fission products from these oxidized fuel regions.-

Finally, if combustion gases or air is flowing through the cask, any fission products released to
the cask interior would be transported to the environment by the gases that are flowing through
the cask with little deposition onto cask interior surfaces.

By definition, gory 6 accidents fail all of the rods in the cask. The finite-element cask
impact calculations described in Section 5.1.4 show (sec Figure 5.6) that severe impacts onto
hard surfaces cause substantial slumping of the materials carried in the cask, that is, slumping of

NUREG/CR-____ 7-46

3
L
"

F




~E

m— Twm s BE K1 O PY O mm

|

the fuel baskets and the rods they contain. Severe slumping means that most of the rods in the
cask will be subjected to significant bending. Rod failure mechanisms due to rod bending have
been discussed by Sanders, et al., who identified three failure modes, transverse tearing,
longitudinal tearing, and rod breakage [7-51]. Assume that tearing of clad produces a crack with
a width (w,,,) of 1 mm and a length equal to half the circumference of the rod. Then, since
typical PWR and BWR rods have inside diameters respectively of about 0.9 and 1.2 em [7-52),
typical cladding tears will expose about 15 mm’ of pellet surface area to the cask atmosphere,
where 15 mm’ = nd,_, w_/2 = 7(10 mm)(1 mm)/2. By comparison, 2 full rod break will expose
at least the ends of two fuel pellets to the cask atmosphere (more if pellets spill from the broken
rod) and thus at least 160 mm’ = 2n(d, .. /2)" of pellet surface area. So, rod breakage will expose
much more pellet surface area to the cask atmosphere than will be exposed by a single cladding

,In typical spent fuel baskets, the PWR and BWR rods carried in the baskets are supported by six
i or seven spacers. Thus, the rods will have seven or eight regions between spacers that might.
undergo bending during a severe accident. Since all of the unsupported portions of 2 single rod
will not undergo the same amount of bending and different rods will be bent in different ways,
most rods will fail by cracking or tearing, usually at a single location, some rods may fail by
cracking or tearing at more than one location, and a few rods may experience full circumferential
breaks. Here, it is assumed that the average set of failures per rod exposes an amount of pellet
surface equal to three times the cross-sectional area of a fuel pellet, which is equivalent to
assuming that each rod suffers three full rod breaks. But Equation 17 shows that F_,_, =
Voiee/ Ve So if rod failure exposes on average an amount of pellet surface equal to six pellet
ends, then V., = 61(d,.,./2)'d,,,.., and V, = =(d_, /2)'L_,.. where L___ is the total length of the
all of the pellets in the fuel rod (the active length of the rod), typical values of L . _for PWRs and
BWRs are 3.6 and 3.0 m, respectively [7-52], and G s = 0.11(2/5) = 0.044 mm when fuel
oxidation occurs over a two-hour rather than a five-hour time period. Therefore, a maximum
value for F,,,,.., for a full spent fuel rod subject to multiple breaks and exposed to air for about

two hours is : T

= Vesizes _ 67 @pena/2) donisins _ 64,50 _ 6(0.044mm)

F. .= = =8.8x107%
VA 7 (d penee /2)* L e L  3%10°mm

and, given the approximate nature of this analysis, rounding up to the next order of magnitude is
appropriate. Therefore, F,,,.., = 10" and thus for Category 6 accidents F,, = F,_, + F, __, which
means that for Cs Fy., =5 x 10° + 107 = 1.5 x 10*, and for particles F,., = 3 x 10° + 10" = 1.3 x
l 0-4. ..

73.6 CRUD

The formation of radioactive deposits called CRUD on the surfaces of spent fuel rods and the
release to the cask interior by spallation of these materials during transportation in a spent fuel
cask has been critically reviewed by Sandoval, et al. [7-18). Sandoval, et al. state that “CRUD is
a mixture of reactor primary cooling system corrosion products that have deposited on fuel rod
surfaces,” that the “deposits contain neutron-activated nuclides,” and that during transport in a
spent fuel cask portions of the deposits “may spall from the rods, become airborne in the cask
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cavity, and be released to the environment should a leak develop in the cask....” During routine
(accident free) transportation of spent fuel, CRUD spallation from rod surfaces is principally
caused by vibration of the rods. However, should an accident occur during the course of the trip,
the mechanical loads experienced by the rods during the accident might caunse large fractions of
the CRUD on the rods to spall from the rod surfaces forming flakes and particles, some of which
would become gasborne in the cask interior. To develop an expression for ST, the
contribution of radionuclide i in CRUD to a transportation accident source term, let I, ., be the
inventory of radionuclide i in all of the CRUD on all of the spent fuel rods in the spent fuel

transportation cask, Fegyp,; be the fraction of the CRUD on an average rod that spalls from the -

rod surface during an accident to form particles that become gasborne in the cask interior, and

Fg, be the fraction of the gasborne CRUD particles that is transported from the cask interior to

the environment through the cask failure. Then, STq, = Lpus FauwscFa:

Sandoval, et al. measured surface concentrations of radionuclides in CRUD on rod surfaces upon
discharge from the reactor [7-53]. They found that the following radionuclides accounted for
most of the radioactivity at the time of fuel discharge: *Co, ®Co, *Mn, *'Cr, *Fe, *Zr, '“Sb and
“Zn. However, because all of these radionuclides except “Co decay rapidly, after storage for 5
years, “Co accounts for 92 percent of the radioactivity in CRUD on PWR rods and 98 percent on
BWR rods. The measurements also showed that maximum “Co activity densities at discharge
ranged from 2 to 140 puCi/cm’ on rods from U.S. PWRs and from 11 to 595 pCi/em® on rods
from U.S. BWRs. Now given that PWR and BWR spent fuel rods have total surfaces areas of
approximately 1200 and 1600 cm’, respectively [7-52], maximum “Co CRUD inventories per
rod are respectively about 2 x 10° uCi = (1200 cm’)(140 pCi/em®) for PWRs and 1 x 10° pCi =
(1600 cm’)(595 pCi/em”) for BWRs. Finally, multiplication of these maximum “Co inventories
per rod by the number of rods per cask will yield maximum values for “Co for I, .

- Scanning Electron Microscopic examination of CRUD shows [7-54] that CRUD deposits are not

solid films but instead consist of agglomerates comprised of irregularly shaped particles with
diameters that range from approximately 0.1 to 10 pm. The agglomerates have a log-normal size
distribution that has a number geometric mean diameter of 3.0 pm and a geometric standard

deviation of 1.87. The CRUD layer has a density of 1.1 g cm™ and a void fraction of 0.8. Thus,

the density of the CRUD particles is about 5.5 g cm”, which means that the aerodynamic

equivalent Geometric Mass Median Diameter of the particles is about 22.8 pm and the fraction of

the mass of the CRUD layer that is in particles with sizes < 10 pm is about 0.094.
Spallation of CRUD from spent fuel rods was reviewed by Sandoval, et al. [7-55]. That review

. found data for CRUD spallation (a) from rods exposed to flowing gases (air, nitrogen, argon) for
long periods of time at ambient or moderately elevated temperatures (230°C), (b) from rods .

heated to elevated temperatures (300 to 450°C) for short time periods (0.5 to 2.0 hours), but no
data for spallation of CRUD from rods subjected to impact loads. Heating of PWR and BWR
rods to 230°C for 0.5 hours caused at least 5 to 6 percent of the CRUD on the rods to be removed
by spallation and possibly 8 percent when experimental uncertainties are considered. Heating to
300°C for 0.5 hours, then to 400°C for 1.0 hour, and finally to 450°C for 2.0 hours was estimated
to cause 12 to 15 percent of the CRUD on the rods to be removed by spallation.
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The following equation gives the fraction F

wne Of 2 brittle material that is converted to

respirable particles upon impact onto a hard surface,

: Fmpmxe = Apgh

where A =2 x 10" cm"g cm’sec” is en empirical constant determined by impact tests on glass
and ceramic specimens, p is the materjal (specimen) density, g is the acceleration due to gravity,
and h is the fall-height [7-34). But mgh = 0.5m(v,,,..)" where v, is the impact velocity of the
specimen onto the hard surface. SO'F i = 0.5Ap(v,....)". Therefore, because the density of
CRUD is 5.5 g/cm’, if CRUD behaved like & brittle solid, it would have a spallation fraction for
respirable particles of about 1.6 x 10° for a 120 mph impact onto a hard surface. Because CRUD
spallation fractions when subjected to thermal loads are so much larger than this value, it seems
likely that CRUD spallation fractions during collisions will also be much larger than 10°

" probably similar to the values found for spallation due to thermal loads, and thus of order 10",

Therefore, since citation and key-word searches identified no additional CRUD spallation data
other than that presented by Sandoval, et al., the following vahies were used for Fauose the
CRUD spallation fraction: for fires not initiated by collisions, Fyp e = 0.15; for collisions that
don’t initiate fires, Fp,p,. = 0.1; and for collisions that lead to fires, Fpnpcimme = 0.1 and

FCRUD oK = 0.05- Fﬁ
7.3.7 Impact Failure of Spent Fuel Rods F

ce = S

el < .10

In Section 5.4, estimates of the fraction of rods failed by end, comner, and side impacts onto an
unyielding surface at four speeds, 30, 60, 90, and 120 mph, were developed for each of the four
generic casks being examined by this study when each cask is carrying PWR or BWR fuel
assemblies. Table 7.18 presents these fractions (expressed as percents), the average result for
each impact orientation, and a weighted summation of these average results using as weights the °
expected frequencies of end (0.056), corner (0.722), and side (0.222) impacts that are defined
below in Section 7.4.3.2.

Inspection of Table 7.18 shows that failure of all of the rods in a PWR assembly is predicted for
60 mph comer impacts onto an unyielding surface by steel-DU-stee} truck casks and 60 mph end
impacts onto an unyielding surface by monolithic steel rail casks. For BWR assemblies, failure
of all of the rods is not predicted at 60 mph for any cask or impact orientation but is predicted for
comer impacts at 90 mph onto an unyielding surface by steel-DU-steel truck ecasks.
Nevertheless, because the finite-clement calculations show that slumping of cask internal
structures (i.e., the fuel assemblies being carried in the cask) is substantial for 90 mph impacts
onto an unyielding surface, failure of all of the rods in PWR or BWR assemblies is assumed for
any impact onto an unyielding surface by any cask at any orientation whenever the impact speed
is 2 90 mph, and thus failure of all rods is also assumed for any impact onto a real yielding
surface at a speed that is equivalent to a 90 mph impact onto an unyielding surface (i.e., for
impacts onto any real yielding surface, focinme: = 1.0 whenever v, 2 v, where Vy is the impact
speed onto the real surface that is equivalent to a 90 mph impact onto an unyielding surface).
For the speed ranges, v,, to v, and v, to Voo Trogiona 15 255umed to equal the midpoint value of the
range of values given in Table 7.18. Thus, for PWR assemblies, frcions =025 when v, S v_, <
Ve 0.59 when v, <v_, <v,, and 1.0 when Vgo S Voy < Vyy OF Whenever v, 2 v,,. And for BWR
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assemblies, f, .. =0.03 when v Sv_, <v,, 020 when v, ,<v_, <V, and 1.0 whenv, <v_, <

V,, Or wheneverv_, 2v,,.

Table 7.18 PWR and BWR Rod Failure Fractions (percent) for Four Generic Casks
_ a. PWR Fuel Assembly h

Cask Impact Impact Speed (mph)
Orientation 42 60 90 120
Steel-Lead-Steel Truck end 27 60 100 100
comer 7 73 100 100
. side 0 0 13 27
Steel-DU-Steel Truck end 27 33 60 87
' .. comer 13 100 100 100
! side 7 27 .60 87
Steel-Lead-Steel Rail end 13 60 100 100
) corner 0 13 33 100
side .0 0 13 87
[Monolithic Steel Rail end 13 100 100 100
: corner 0 33 100 100
side 0 13 33 73
All end 20.0 |- 63.3 90.0 96.8
corner 5.0 54.8 83.3 100.0
_side 1.8 100 | .29.8 68.5
All All 5.1 45.3 71.8 92.8
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Table 7.18 PWR and BWR Rod Failure Fractions (percent) for Four Generic Casks

. (continued)
b. BWR Fuel Assembly
Cask Impact Impact Speed (mph
. Orientation 42 | 60 90 120
Steel-Lead-Steel Truck end 0. 0 14 29
corner 0 0 57 100
_ side -0 0 0 0
Steel-DU-Steel Truck end 0 0 0 0
corner 0 29 100 100
side 0 0 0 0
' Steel-Lead-Stee] Rail end 0 0 14 43
! corner 0 0 0 43
side 0 0 0 0
Monolithic Steel Rail end -0 29 57 71
corner 0 0 29 57
: side 0 0 0 0
All end 0 7.3 21.3 35.8
- corner 0 7.3 46.5 75.0
side 0 0.0 0.0 0.0-
All . All 0 5.6 34.8 56.2

7.3.8 Fission Product Ti'ansport from the Cask Interior to the Environment

Transport of aerosols and fission product vapors, released to the interior of a Type B TN-125
cask, from the cask interior to the environment was modeled by Shaffer using the MELCOR
code [7-31). Figures 7.10 and 7.11 present results from this study.

Figure 7.10 compares the size distribution of the particles sourced into the cask from the failed
spent fuel rods to the distribution of the particles that escape from the cask. The figure shows
that for cask failures with cross-sectional areas of 4 and 100 mm’, deposition processes largely
deplete the source distribution of particles with diameters larger than 10 pm. Figure 7.11
displays the dependence of cask-to-environment release fractions (Fc) on the leak area of the
failed cask seal that was calculated for a TN-125 cask, when the cask is pressurized to 5 atm by
the failure of all of the rods in the cask during a high-speed collision and then depressurizes to
atmospheric pressure (p,.) at a rate determined by the seal failure area. Figure 7.11 shows that
cask-to-environment release fractions (F) increase as cask leak areas increase. This is to be
expected since, after pressurization due to the failure of the fuel rods, cask depressurization times
decrease ds cask leak areas increase. Thus, a large leak area means 2 short depressurization time,

- little time for fission product deposition to cask interior surfaces, and consequently large cask-to-

environment release fractions.
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As was stated in Sections 7.2.5.1 and 7.2.5.2, failure of elastomeric truck and train cask seals due

- to heating by fires to 350°C and of elastomeric rail and truck cask seals due to cask impacts onto

yielding surfaces at speeds equivalent respectively to 60 and 120 mph impacts onto an
unyielding surface are assumed to produce 1 mm’ seal failure areas. In Section 7.2.5.2, it was
concluded that, when heated above 450°C, elastomeric seals will fail catastrophically causing
seal leak areas to be set by the space between the contacting surfaces of the cask lid and the cask
lid well. In Section 5.1.4, the closure region distortions in rail casks produced by impacts onto
an unyielding surface at speeds of 60, 90, and 120 mph were used to estimate the seal failure leak
areas that these impacts would cause. Table 7.19 presents the estimates of rail cask seal leak
areas developed by this analysis, the values selected for use in developing release fractions, and
the values of the cask-to-environment release fractions for particles and Csl(g) that Figure 7.11
shows correspond to these leak areas. .

Table 7.19 Seal Leak Areas and Values of F__ for Rafl Casks

Cask Impact " Calculated Leak Area Analysis Fe
(mm?) Leak '
Speed Orientation Steel-Lead- Monolithic Area Value Particles | Cskg)
Steel (mm")
60 Corner 0.18 1 0.02 0.0008
90 Comer 346 256 300° 0.6 0.4
120 Comer 2046 1616 1800° 0.8 0.8
120 Side 9 10 02 | 0.06

2. Rounded to 1. mm’ 50 as to be consistent with treatment of truck cask leak areas.
b. Average of steel-lead-steel and mondlithic rail cask results.
c. Scaled by a factor of six, the average of the ratios of calculated 120 and 50 mph results.

Letf, .. be the fraction of the particles or vapors, released to the interior of a RAM transport
cask upon rod failure, that deposit onto cask interior surfaces before they can escape from the
cask to the environment. This fraction is related to F by the following equation:

Fe=(1- fapm)(l -Pmlpmp)

Since p,, =1.0 and p,_, = 5.0 for the TN-125 cask calculation, values for f osiion €20 be calculated
for the rail cask leak areas presented in Table 7.19 by substitution of the values for F that
correspond to these leak areas. Then weighted summation of the resulting orientation-dependent
leak areas using as weights the expected frequencies of end (0.056), comner (0.722), and side
(0.222) impacts that are defined below in Section 7.4.3.2 yields the values for f s fOr the
indicated speed ranges listed in Table 7.20. . '
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. Table 7.20 Values of f, . for Rail Casks
- Speed Range £,
~ (mph) Particles | Csl(g)
60to 90- 0.98 0.999
90 to 120 045 0.64 -
2120 0.2 0.26

Finally, because the failure of elastomeric cask seals due to heating by a fire and failure of
clastomeric truck cask seals due to cask 1mpacts at 120 mph and any orientation onto an
unyielding surface are assumed to produce 1 mm’ seal leak areas, for these cask failures, f, ...
equals 0.98 for particles and 0.999 for Csl(g).

7.3 9 Expansion Factor Values

Transport of radioactive species from the cask to the environment during depressurization of the
cask or due to heating of cask gases by a fire was discussed in Sections 7.2.5.4 and 7.2.5.5. In
Section 7.2.5.6, expansion factor expressions were derived that allowed the fraction of the cask
gases that escape from the cask to the environment during cask depressurization or heating by a
fire to be calculated. Table 7.21 presents the values of the parameters that enter each expansion
factor and the value of the expansion factor produced by these parameter values. Values of p,.
and p,, which are respectively the pressure of the cask after some fraction of the rods in the cask
are failed by impact and by burst rupture, are calculated using the following equat:ons

Pim -lOatm+40atm(F,°d,mm) -and pb-lOatm+40atm(10 Frod,impact)

where 1.0 atm is the internal pressure of the cask during normal transport and 4.0 atm is the
pressure rise produced by the failure of all of the rods in the cask. Thus, for example, p,, = 3.36
atm = 1.0 + 4.0(0.59), when 59.percent of the rods in the cask fail upon impact and p, = 4.20 atm
= 1.0 + 4.0(1.0 — 0.20), when the 80 percent of the rods not failed by collision impact are later
failed by burst rupture due to heating by an ensumg fire.
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Table 7.21 Expansion Factor Values

Expansion Factor : F_. Temperatures (K) Pressures (atm) | Value
' PWR BWR | T T T, T lp. P P

f,= (p._;p_,)(r/r,) 100 100 | 573 623 1.0 5.00 0.184

. 0.59 573 623 1.0 336 0.274

0.25 573 623 1.0 200 0.460

020 | 573 623 1.0 180 0.511

0.03 573 623 1.0 112 0.821

f,=(T/T) : ell 623 1023 0.605

£, = PP XT/TY 1.00 100 | 573 1023 1.0 5.00 0.112

0.59 573 1023 10 336 0.167

0.25 573 1023 1.0 200 0.280

020 | 573 1023 I 1.0 - 1.80 0.311

0.03 5§73 1023 - 1.0 1.12 0.500

f.= ®PXT/TY . 1100 100 1023 1273 | 1.0 10 0.804

: 0.59 1023 1273 | 10 264 | 0304

0.25 1023 1273 | 1.0 4.00 | 0.201

0.20 1023 1273 | 1.0 420} 0.191

0.03 1023 1273 | 1.0 4881 0.165

0.0 0.0 . 1023 1273 | 1.0 5.00 | 0.161

fo= PualPuy) 100 100 1.0 500 0.200

0.59 : 1.0 336 0.298

0.25 1.0 200 0.500

0.20 . 110 180 0.556

0.03 1.0 1.12 0.893

7.4 Values for Severity Fraction Parameters
74.1 Introduction

-

Severity fraction expressions were formulated in Section 7.2.8. In this section, values are
developed first for the parameters that enter those expressions and then for the severity fractions
themselves by substitution of the parameter values into the individual severity fraction
expressions. ‘ ' .

7.42 Cask Involvement

When a spent fuel cask is transported by truck, the truck is always a tractor semi-trailer. Trucks
that haul more than one trailer are never used. Therefore, for truck accidents, P_, = 1.0, because
the vehicle that is carrying the cask, the tractor semi-trailer, is always involved in the accident.
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-Train accident data for 1972 were reviewed by Clarke, et al. [7-56] who found that freight trains

typically contain about 66 cars, that on average 10 cars are involved ih side or raking collisions,

~ and that the number of cars involved in derailment accidents is speed dependent. For derailment

-~

-,

accidents, Clarke, et al. determined the average number of cars derailed during derailment
accidents that had derailment speeds that fell into the following four speed ranges: 0 to 10, 10 to
30, 30 to 60, and 60 to 80 mph. Now becaunse the Modal Study [7-57] developed 2 cumulative
distribution of derailment accident speeds, the chance that a derailment accident occurs at a speed
that falls within each of these four speed ranges can be calculated. Table 7.22 presents, for each
derailment accident speed range, the probability of occurrence of derailment accidents with
derailment speeds that fall in each Specd range and the average number of cars derailed during
those accidents.

Table 7.22 Probability of Occurrence and Average Number of Cars
Derailed for Train Derailment Accidents by Accident Speed Range

Speed Range (mph) 0to 10 | 10t0 30 | 30to 60 | 30to 60

Probability of Occurrence 0402 | 04079 | 0.1829 | 0.0050
Average Number of Cars Derailed . S 6 11 - 17

If the derailment data of Clarke, et al. is weighted using the cumulative speed distribution data
for derailment accidents presented in the Modal Study [7-57], the following weighted summation
results:

N ears/dersitment = 3, WiN; = 5(0.402) + 6(0.4079) +11(0.1829) +17(0.0050) = 6.6
i . .

where the four speed ranges are respectively 0 to 10, 10 to 30, 30 to 60, and 60 to 80 mph. Thus,
about six or seven cars will derail during a typical derailment accident. But derailment accidents
that occur at speeds < 30 mph will fail neither the cask seal nor any of the spent fuel rods being
carried in the cask. So if these accidents are ignored, construction of a weighted sum for the
speed ranges 30 to 60 and 60 to 80 mph shows that the average numbct of cars involved in
derailment accidents of concern is K .

N earssdeaitment = 2, WiN; =11(0.9734) +17(0.0266) =11.2
' i

Therefore, because the average number of cars involved in side and raking collisions is usually
about ten and the average number of cars involved in derailment accidents that occur with speeds
2 30 mph is about 11, 0.17 = 11/66 is a reasonable estimate for P_,, for train accidents.

743 Values for Collision Conditional Probabilities

Truck and train accident scenarios were discussed in Section 7.1. That section presented event
trees that depicted possible accident scenarios, where & specific scenario is a unique path on the
tree. Inspection of the truck and rail event trees depicted in Figures 7.3 and 7.4 shows that each
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tree lists the conditional probabilities of occurrence of each scenario (path) on the tree, identifies
the scenarios that may lead to cask failure (the paths marked with an asterisk), and for collision
scenarios specifies an associated accident speed distribution and an impact surface. Accordingly,
the value of the conditional probability of truck or train accident scenario J» Py is read from
the appropriate event tree.

7.4.3.1 Accident Velocity Probabilities

s/

For collision accidents, P__, (v,.v,), Pm(Van)’ Poecsi(VosVio)s @nd P, (2v,.)) are calculated
using the following equations: ' .

‘Pspeed,j (V3O’v60) = ipoﬁemau'm,m [Pspecd.jm (VGO) "'Pspeed,jm'(vBO)].

m=]

Fipees, (veo-Ve0) = ipoﬁemnm.m [Pspecd. 1m{(¥90)= Pipeca.jm (Voo )]

. 3 )
PSMJ' (v90' leO) = 2 Poﬁentation.m [Pspwd.jm (szo) ~F, speed, jm ("90 )]

. mgl

3 :
Pipcea i V120) = zpoﬁenuﬁcn.mb-o "Pspeed,jm(vlm)]

me]

where vy, Vg, Vi, and v, are the impact speeds for end, corner, or side impact orientations onto
real yielding surfaces that would cause the same damage to the cask and its contents (spent fuel)
as is predicted respectively for end, comer, and side impacts at speeds of 30, 60, 90, and 120
mph onto an unyielding surface; v,, v, v,, and v, have different values for each cask/surface
combination; P, is the probability that the cask impact is an end, corner, or side impact; and
Poeetin(V30)s Prean(Veo)s Py (Vyo), and P, is(V12o) 8re respectively the cumulative probabilities for
impact orientation m and accident scenario j that the cask impact speed vis S v, <v,, <v,, and
SV : :

In Section 5.1, cask-specific values for the impact velocities, Vi Ve Ve @nd v, were
determined by finite-element analyses for impacts onto an unyielding surface for each of the four
generic casks being examined by this study. In Section 5.2, these unyielding surface impact
velocities were extrapolated to yielding surfaces by partitioning the impact energy between the
cask and the yielding surface. Table 7.23 presents the cask specific real surface impact velocities
determined by those analyses. ‘ ‘

7.4.3.2 Cask Impact Orientation Probabilities

The finite-clement cask impact calculations described in Section 5 examined three cask impact

orientations, side, comer, and end, where the cask impact orientation is specified by the angle
between the cask axis and the plane of the impact surface. By definition, side impacts have .
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impact angles between 0 and 20 degrees, comner impacts have impact angles between 20 and 85
degrees, and end impacts have angles between 85 and 90 degrees. Thus, for example, a cask
must strike an impact surface nearly end-on for the impact orientation to be classed as an end
impact. Now, although the probability of occurrence of each of these -impact orientations is
likely to depend on accident scenario, because such scenario dependencies cannot be easily
estimated, it is assumed that impacts at any angle are equally probable. Therefore, the

. probabilities of side, corner, and end impacts (values of P,_ . ) are P, =20/90 = 0222,P_ .

= 65/90 = 0.722 and P = 5/90 = 0,056
74.3.3 Modal Study Accident Velocity Distributions

The Modal Study developed eight cumulative velocity distributions for truck and train accidents, '
four truck accident and four train accident distributions. These distributions are presented in
Tables 7.24 and 7.25. Values of P, eim Were calculated by linear interpolation using the data

'presented in these tables.

The cumulative velocity distributions presented in Tables 7.24 and 7.25 are of three types: (1) 2
velocity distribution for accidents that occur on level ground, which means that the velocity at
accident initiation of the cask and the truck or train is assumed to be the cask impact velocity,
(2) 2 velocity distribution for accidents where the cask and the truck or train plunge off of a
bridge and fall to the ground below and thus have an impact velocity that depends on the height
of the bridge, and (3) a velocity distribution for accidents where the cask and the truck or train
plunge down an embankment and then strike an object or 2 surface. As stated in the Modal
Study, the velocity distributions for truck accidents on level ground (velocity distribution v1)

. reflect a reduction in velocity due to braking, the velocity distribution for train accidents that

occur on level ground (velocity distribution Tv1) take no credit for braking, and the velocity
distributions for accidents where the cask and the truck or train plunge down an embankment -

were developed by constructing the vector sum of the level ground and bridge height velocity
distributions [7-58]. ‘ .

7.4.3.4 Puncture/Shear Probabikity

Collision accidents méy generate sharp objects that could fail a cask by puncture or shearing of

- the cask shell. Puncture and shear failure dats for rail tank cars was reviewed in Section 5.3.

The review developed an estimate for the probability that a probe capable of causing puncture or
shear failures of 2 Type B spent, fuel cask will be both formed during a collision accident, will
strike the cask in an orientation that might allow it to cause a cask failure, and will not break
before it-causes the failure. The review concluded that a sharp probe capable of failing a cask by
puncture or shear might be formed during any collision accident, that probe formation would be
possible at any accident speed, and that formation was most unlikely at any speed. Accordingly,
because there are no data on the frequency of formation of very sharp very robust puncture/shear
probes during truck or train accidents or on cask failure by puncture or shear, it is assumed that
P = 0.001 for all truck accidents and also for all train accidents except train pileup
accidents during which the cask is struck by a train car coupler. For train pileup accidents, where
the cask is struck by a coupler and therefore puncture or shear is more likely to occur, it is
assumed thatP . = =0.01.
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Table 7.23 Impact Speeds (mph) onto Real Yielding Surfaces that are
Equivalent to 30, 60, 90, and 120 mph Impacts onto an Unyielding Surface

a. Type B Steel-Lead-Steel Spent Fuel Truck Cask

Impact Surface Impact Impact Speed
' Orientation Vi Ve Voo | Vo |
Hard Rock End -1 30 60| 90| 120
Cormer 30 601 901 120
Side 30 60] 90| 120
Soft Rock/Hard Soil/Concrete (slab, column, abutment) End 38| 177 2321 273
Corner 35| 123 1721 245
’ Side 32+ 864 135§ 209
Clay/Silt End 84* | >277 | >367 | >448
Comer 58* { >135 [ >195 | >27%
Side 32* | >170 | >273 | >426
Railbed/Roadbed o . End 38% | 277| 367| 448
Corner 35| 135§ 195! 279
. Side 32« | 1704 273] 426
Water . End 78* oo oo oo
Corner 150* .o . ®
Side 42% oo o oo

* From the Modal Study, driven by impact limiter response, rather than cask response.

Table 7.23 Impact Speeds (mph) onto Real Yielding Surfaces that are
Equivalent to 30, 60, 90, and 120 mph Impacts onto an Unyielding Surface (continued)

b. Type B Steel-DU-Steel Spent Fuel Truck Cask

Impact Surface Impact Impact Speed

: N Orientation | v Voo | Voo | Vi |

Hard Rock ’ .End 30 60| 90| 120
Corner 30 60| 50| 120

Side |} 30 60] 90! 120

Soft Rock/Hard Soil/Concrete (slab, column, sbutment) End 3g*] 167 196] 228
' Corner 35% 1 204] 266) 316

Side 32« | 142} 210| 303

Clay/Silt End 84* | >253 | >303 | >360
Comner 58*% | >223 | >298 | >360

. Side 32% | >263 | >394 | >575

Railbed/Roadbed A End 38« | 253| 303 360
" ) Corner 35« | 223] 298| 360}

Side 32¢ | 263] 1394| 575

Water End 78% o . .
Corner 150* o oo oo

Side 42+ o o oo

* From the Modal Study, driven by impact limiter response, rather than cask response.
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Table 7.24 Truck Accident Velocity Distributions

vl v2 v3 “v4

Initial Truck Velocity Impact Velocity Based | Vector Sum of Firstand | Train Grade Crossing
Adjusted for Braking on Bridge Heights Second Distributions " Accident Velocities

Velodity Cumulative Velocity Cumulative Velocity Cumulative Velodity Cumulative

(sph) Probabllity® |  (mph) - | Probability" (zph) Probability* (mph) Probability®

0.0 0.0 0.0 0.0 00 0.0 0.0 0.0
20 0.03834 7.74 0.00621 5.0 00° 20 0.06014
6.0 0.12916 10.94 0.01550 10.0 0.00141 6.0 0.17906
10.0 0.23508 1548 0.04754 15.0 0.00821 10.0 0.26398
14.0 0.34886 18.95 0.1051 200 - 0.03387 14.0 0.40255
18.0 0.46237 21.89 0.1952 25.0 0.11129 18.0 0.50280
20 0.56877 24.47 03178 30.0 0.28292 220 0.59331
26.0 0.66345 26.81 0.4629 35.0 051279 26.0 0.67319
30.0 0.74353 28.95 0.6124 40.0 0.70110 30.0 0.74210
340 0.80877 30.95 0.7464 45.0 0.81951 34.0 0.80022
38.0 0.86020 32.83 0.8508 50.0 0.89168 38.0 0.84814
42.0 0.89961 - 34.61 0.9217 55.0 0.93543 420 0.88676
46.0 0.92881 36.29 0.9635 60.0 0.96178 46.0 091718
50.0 0.95009 3781 0.9849 65.0 0.97751 50.0 0.94062
54.0 0.96547 39.46 0.9945 70.0 0.98680 540 . 0.95826
58.0 0.97634 41.67 0.9991 75.0 0.99227 58.0 0.97125
62.0 0.98383 43.08 0.9998 80.0 0.99547 62.0 0.98060
66.0 0.98908 44 .45 0.9999 £5.0 0.99766 '66.0 0.98717
70.0 0.99261 56.86 1.0 20.0 0.99501 70.0 0.99169
74.0 0.99503 95.0 0.99961 74.0 0.99473
78.0 0.99670 100.0 0.99985 78.0 0.99672
82.0 0.99825 105.0 0.99995 82.0 0.99800
86.0 0.99910 1100 0.99998 £6.0 0.99881
90.0 0.99956 115.0 0.99999 $0.0 0.99930
940 0.99979 150.0 10 4.0 0.99960
98.0 0.99950 98.0 0.99977
102.0 0.99995 102.0 0.99987
106.0 0.99998 106.0 0.99993
110.0 0.99999 110.0 0.99996
150.0 1.0 114.0 0.99998
1180 0.99999
o 150.0 1.0
4. Probability that the accident or impact velocity is less than or equal to the listed velocity.
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Table 7.25 Train Accident Velocity Distributions

Tvl Tv2 Tv3 . ’ Tvd4
Collision Accident Derailment Accident Impact Velocity Based | Vector Sum of Second
Train Velocities without | Train Velocities without on Bridge Heights and Third Distributions
Braking Braking ’
Velocity | Cumulative | Velocity | Cumulative | Velocity Cumulative | Velocity | Cumulative
(mph) Probability® | (mph) | Probability® | (mph) Probability" | (mph) | Probability*
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20 0.09385 2.0 0.07543 7.74 0.00621 5.0 0.0
6.0 0.26286 6.0 0.22036 10.94 0.01550 100 | 0.00232
10.0 040788 10.0 0.35480 15.48 0.04754 15.0 0.01244
14.0 0.53042 14.0 047634 18.95 0.1051 20.0 0.04814
18.0 0.63240 18.0 0.58341 21.89 0.1952 25.0 0.14919
| 220 0.71558 220 0.67534 24.47 0.3178 30.0 0.35837
26.0 0.78345 26.0 0.75225 26.81 0.4629 35.0 0.60624
300 0.83709 30.0 0.81495 28.95 0.6124 40.0 0.77834
34.0 0.87908 34.0 0.86477 30.95 0.7464 45.0 0.87230
38.0 0.91147 38.0 0.90385 32.83 0.8508 50.0 0.92649
42.0 0.93606 420 0.93246 34.61 0.5217 55.0 0.95855
46.0 0.95446 46.0 0.95386 36.29 0.9635 60.0 0.57727
50.0 0.96801 50.0 0.96920 3791 0.9849 65.0 0.98792
54.0 0.97784 54.0 0.97991 39.46 0.9945 70.0 0.99379
58.0 0.98486 58.0 0.98720 41.67 0.9991 75.0 - 0.99692
620 0.98980 62.0 0.99204 43.08 0.9998 80.0 0.99852
66.0 0.99323 66.0 0.99516 44.45 0.9999 85.0 0.99932
70.0 0.99557 70.0 0.99713 56.86 1.0 90.0 0.99970
74.0 0.99714 74.0 0.99834 ) 95.0 0.99987
78.0 0.99818 78.0 0.99906 100.0 0.99995
82.0 0.99886 82.0° 0.99948 105.0 0.99998
§6.0 0.99929 86.0 0.99972 110.0 0.99999
90.0 0.99957 - 90.0 0.99985 150.0 1.0
94.0 0.99974 94.0 0.99992
98.0 0.99985 98.0 0.99996
102.0 0.99991 102.0 0.99998
106.0 0.99995 106.0 0.99999
110.0 0.99997 150.0 1.0
114.0 0.99998
118.0 0.99999
150.0 1.0

2. Probability that the accident or impact velocity is less than or equal to the listed velocity.
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74.4 Values for Fire Probabilities

For fires that are initiated by collisions, the probability that a fire of conicern occurs is the product
of the conditional probability that the collision scenario j initiates a fire, P .. and the
fraction of these fires, P__ ..., that are severe enough to cause the cask seal and/or the spent fuel
rods being transported in the cask k to fail. Of course, if the accident in question is a fire not
initiated by a collision (a fire-only accident), then P,_,......, = 1.0

Because of the large mass of Type B spent fuel transportation casks, only a hot, co-located, fully

 engulfing, optically dense, long-duration fire can heat one of these casks to temperatures where

spent fuel rods being transported in the cask will fail by burst rupture. Therefore, the fraction of
all fires that can cause thermal burst rupture of spent fuel rods (heat a cask to temperatures in the
temperature range T, < T, €T, ) is given by

Pmm.k = Peo-m P.pﬁanym leemppmk ‘ ) (9)

where P_, . is the probability that the cask and the fire are co-located (i.e., that the cask is not
significantly offset from the fire), P, ... ., is the probability that the fire diameter is large
enough to make the fire optically dcnsc to loss of energy from the cask to the atmosphere (i.c.,
the fire diameter is about 3 m larger than the fire diameter that just engulfs the cask), P, ... is
the probability that the average temperature of the fire is high enough to heat the cask to a
temperature 2 T,, the temperature at which intact spent fuel rods fail by thermal burst rupture,
P, i, IS the probabllxty that the fire will burn long enough to heat generic cask k to that
temperature, T_, is the temperature of the cask internals, and T, is the average flame tcmperaturc

~ofa hydrocarbon fuel fire.

Itis important to note that the four probabilities that enter the preceding expression for P, ..,
should usually be largely independent. For example, large truck fires can occur only if more than
one vehicle is involved in the accident and train fires always involve more that one rail car as the
car carrying the spent fuel cask carries no fuel. So fire size and fire location should not be
correlated for large fires. Similarly, fuel character and thus fire temperature should not depend
on fire location or fire size or fire duration (smoldering smoky fires are probably optically dense
but are not likely to be large enough or hot enough to be of concern). And although fire duration
might be expected to be inversely proportional to fire size, runoff or soaking of fuel into the
ground will cause the seeming correlation to be greatly weakened. So, although some of these
four probabilities may be weakly correlated, for this analysis they are treated as though thcy are
uncorrelated.

Although only an unusually severe long-duration fire can heat the internals of a spent fuel cask to.
rod burst rupture temperatures, less severe fires should be easily able to heat a spent fuel cask to

lower temperatures. To capture the lessened fire severity needed to heat a cask to lower

temperatures, some of the probabilities in the preceding formula can be relaxed by assuming that
all fires meet the requirement represented by that probability. For example, because elastomeric
cask seals fail at about 350°C, a temperature only 50 to 100°C above normal cask internal
temperatures, it would seem that most fires that burn hot enough and long enough to heat a spent
fuel cask to 350°C would be able to do so even if they were somewhat offset (not co-located) and
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weren’t optically dense (smoldering fires, very small collocated fires, and large offset fires
located far from the cask are exceptions to this statement). Accordingly, the fraction of all fires
that can heat a spent fuel cask to a temperature in the temperature range T, £ T, < T,, where T,
is the cask internal temperature under ambient (normal transport) conditions and T, is the cask
seal failure temperature, is here taken to be

P e tiex = Poosama Ppicaty ense Prame e Farnsons = Ptame winp Pebrson
since for this temperature range it is assumed that P_,__ = Pty beoe = 1.0

Similarly, any moderately large fire not well-separated from the cask that, burns hot enough and
long enough should be able to heat the cask to a temperature greater than the cask seal failure
temperature but not to the temperature where rods fail by burst rupture, that is, to some
temperature in the temperature range T,<T,,<T,. Thus, the fraction of all fires that can heat a

ispent fuel cask to a temperature in the temperature range T,<T,,,.<T, is taken to be

P e tex = Peotocuns Popicaty aense Pitame s Petrsscar = Pooocust Prame ey Petrions
or

P

evere ek = Fooocaza Fopticatly dense Plhm;unppw = Popﬁa!lylense P e Pcasions

since, for a fire to heat a cask to temperature in this temperature range, the fire must either be
fairly large (ie., Py, ¢ = 1.0) but not colocated (i.e., P, < 1.0) or it must be co-located
(.., P ,...s = 1.0) but not optically dense (P, ... < 1.0). .

. Finally, the conditional probability, P,_ ..., that the fire burns long enough-so that generic cask k |

is heated to a2 temperature that falls within one of the three temperature ranges, T, < T_, < T,
T,<T,u<T,,and T, £ T, <T, is calculated using the following expressions:

Paurationk (Ta £ Teask £T3) = Payration s (i, )
Pavrationk (Ts < Teask <Tp) = Payrarionx (ti.T, )~ Pourationx (te.1,)
Paurationx (To < Teask < Ty ) =1.0- Porationk (ti. 1)

where for example ty p is the time that it takes an optically dense, co-located, hydrocarbon

fueled fire to heat generic cask k to its seal faflure temperature T, given that the normal internal
temperature of the cask is T,, and Paurarions (tx1,) 204 Payrasioni (tiy, ) &re respectively the

cumnulative probabilities that the fire duration is <ty 7 and <ty 7, .

Cask-specific values for the heating times, tr,» tey,» 8nd tpq,, were determined by 1-D

thermal calculations for each of the four generic casks being examined by this study. Those
calculations were described in Section 6. Table 7.26 presents the cask specific hcatmg times
determined by those calculanons

V



Table 7.26 Durations (hr) of Co-Located, Fully Engulfing, Optically Dense, Hydrocarbon
Fuel Fires that Raise the Temperature of Each Generic Cask to T,, T, and T,

Cask - Temperature (°C) .
T,=350 | T,=750 | T,=1000
Steel-Lead-Steel Truck 1.04 2.09 5.55
Steel-DU-Steel Truck 0.59 1.96 5.32
Steel-Lead-Steel Rail 1.06 291 643
Monolithic Steel Rail 1.37 6.57 11

7.4.4.1 Modal Study Fire Duration Distributions

! PR

“The Modal Study developed eight cumulative fire duration distributions for truck and train fires,
five truck fire distributions and three train fire distributions. Tables 7.27 and 7.28 present these
cumulative fire duration distributions. Values of Payrarionk(tx1)» Favrationx (tx1,). 2nd

Piyration.k (tx,1, ) Were determined by linear interpolation using the data in these tables.

Table 7.27 Truck Accident Fire Durations

Duration F1 F2 , F3 . - F4 F5
(hr) Non- Ofi-Road Accidents | Truck/Truck | Truck/Car Train Grade
Collision | and Collisions with Collisions Collisions Crossing
- Accidents Fixed Objects ) Accidents
0. . 0. , 0. 0. 0. 0.
0.08 0.3311 0.0321 0.0035 0.0131 0.00238
0.167 0.6596 0.2821 0.0451 0.1653 0.07222
0.250 0.8551 0.5860 0.1572 0.4179 0.16427
0.333 0.9625 0.7754 0.3488 0.6516 0.31099
0.417 0.9801 - 0.8765 0.5001 0.7878 0.43757
0.500 0.9897 0.9358 0.6034 0.8725 0.54957
0.583 0.9944 0.9643 0.6771 0.9161 0.64690
0.667 0.9970 0.9800 0.7322 0.9456 0.73075
0.750 0.9985 0.9902 0.7750 0.9662 0.80265
0.833 0.9992 0.9949 0.7960 0.9761 0.86416
0.917 0.9996 0.9973 0.8123 0.9838 0.87612
1.0 0.6998 0.9989 0.8257 0.9898 0.88589
1.083 0.99991 0.9995 0.8367 0.9936
1.167 0.99996 0.9998 0.8459 0.9964 0.89828
1.250 0.99599 0.99995 0.8535 0.9984 .
1.333 -1.0 0.99998 0.8596 0.9993 0.90934
1.417 0.99599 0.8652 0.9997
1.500 1.0 0.8696 0.9999 0.91874
1.583 0.8737 0.99996
1.667 ' 0.8779 0.99997 0.92730
1.750 0.8812 0.99999
1.833 0.8847 1.0 0.93452
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Table 7.27 Truck Accident Fire Durations (continued) |

1917 0.8882

20 0.8917 : 0.94126
3.0 0.9287 ' 0.96792
4.0 0.9503 0.98247
5.0 0.9641 0.99056
6.0 : : ) 0.9773 0.99643
7.0 i 0.9905 1.0

g0 ' 1.0

R

Table 7.28 Train Accident Fire Durations '

; Duration TF1 TEF2 TF3
(hr) Collision | Derailment | Fire-Only
Accidents | Accidents | Accidents
0.083 0.00238 |. 0.01009 0.00943
0.167 0.07222 0.09213 0.09180
0.250 | 0.16427 0.17603 | 0.17574
0.330 0.31099 0.29164 0.29183
0.417 0.43757 0.39717 0.39789
0.500 0.54957 0.49517 0.49648 -
0.583 0.64690 0.58120 0.58291
0.667 0.73075 0.65917 0.66075
0.750 0.80265 0.72958 0.73139
0.833 0.86416 0.79154 0.79373
J 0.917 0.87612 0.80544 0.80765

: 1.0 0.88589 0.81870 0.82036
1.167 0.89828- 0.83308 0.83454
1.333. 0.90934 0.84752 - | 091874
1.500 0.91874 0.86071 0.86292
1.667 0.92730 0.87388 0.87564
1.833 0.93452 0.88537 0.88704

. 20 0.94126 0.89665 0.89792
3.0 | 0.96792 0.94290 0.94342
4.0 0.98247 0.96790 0.96821
5.0 0.99056 0.98166 0.98239
6.0 0.99643 0.98868 0.98941
7.0 1.0 0.99380 0.99403
8.0 0.99702 0.99754
90 0.99910 0.99928
10.0 0.99978 0.99985
11.0 : 1.0 1.0
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7.44.2 Optically Dense Fire Size

The four generic casks being examined by this study all have lengths of about 5 m (200 inches).
Therefore, if engulfed by a fire, the fire must have a diameter of about 8 m (26.7 ft) if it is to be
optically dense with respect to the engulfed cask (large enough so that the cask doesn’t lose heat
by radiation through the fire plume to the atmosphere) [7-59,7-60].

| 7.4.4.3 Truck Collision Fire Statistics

Cumulative distributions of fire temﬁeratures, diameters, stand-off distances, and durations for
fires initiated by collisions of trucks with other vehicles, with trains, or with fixed and non-fixed
objects have been developed by Clauss, et al. [7-5]. Clauss, et al. find that

' e essentially all fires have average fire temperatures greater than 650°C, which agrees
well with the results of Lopez, et al. who found [7-61] that essentially all fires have
average flame temperatures greater than 725°C,

o only one fire in two reaches average fire temperatures of 1000°C,

¢ no more than one fire in two is an engulfing fire, |

e 80 percent of all fires not caus;ed by train collisions have diameters < 25 ft,
o all fires caused by train collisions have diametém >25ft,

e fires with diameters > 25 ft initiated by truck collisions with other trucks, with cars,
and with fixed or non-fixed objects all have fire durations < 60 minutes (i.c., there
isn’t enough fuel available to support fires of longer durations),

e 85 percent of all fires initiated by truck collisions with tankers have durations longer
than 60 minutes, and :

o only 25 percent of all fires initiated by the collision of a train with 2 truck have
durations longer than 60 minutes (this is because most train fires are so large, i.e.,
have such large diameters, that they don’t burn very long).

Now because only hydrocarbon fuel (or liquid chemical) fires will have average fire temperatures
= 1000°C, while essentially all fires will have average fire temperatures > 650°C, for trucks, P,
T.<T, <T)=102nd P, (T, T, ST)=05. Since only fully engulfing fires with
diameters > 25 ft will be optically dense and all truck/train accident fires have diameters > 25 ft,

_=1.0. Because 80 percent of all other truck accidents lead to fires with diameters <
25 ft, P, iny sensnn wn = 0-2. Because one truck fire in two is an engulfing fire, P_,_., = 0.5.
Substitution of these values into Equation 9 yields the following expressions for the probability
of fires sufficiently severe to heat a truck spent fuel cask to a temperature in the indicated
temperature range. ’ ' '

Py
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Prcts(NETWST) =P P P (T ST <T)P, (T,ST. <T)

= (0.2)(0.5)(0.5)P, .. ,=005P, (T, ST, <T)
for truck accidents that don't involve trains

= (1.0Y0.5)0.5) Py =025 P, o (T, ST . S T)
for train collisions with trucks

= Pty e Proocuos Prume eng(Ts € T S T Posoud(T, S T, £ T)

= (02X1.0Y1.0) P, 1oy =02 P, . (T, =T . <T)
for truck accidents that don’t involve trains

= (1.0(1.0)1.0P, . =P, ., (T ST <T)
' ] for train collisions with trucks at grade crossings

/

P, o, ST <T)

- since, for fires in this temperature range, it is assumed that P, ., = 1.0.

e P P (T S To ST) P (TS T, ST)
=P, (T, ST ,ST)

Preaes(T, ST €T) =P

= (LOXLOX1.OP,,. ...

for all ruck accidents

since, for fires in this temperature range, it is assumed that P, 4. = Propecres = 1.0.

Finally, Clauss et al. developed cumulative distributions of fire diameters for truck collisions
with cars, trucks, trains, and off-road objects. In addition, for each of these classes of collisions,
they also developed cumulative distributions of fire duration for fires of different sizes (ranges of
fire diameters). Now, if P,; is the probability that a truck collision with another truck leads to a

~ fire with a diameter d that lies in the diameter range d, to d,,,, and P, is the probability that fires in

this size range have durations € 1 hour, then the chance P, that a truck colhslon will produce a
fire of any size that has a duration < 1 hour is

Py =2Pdipi
i

Table 7.29 compai'es the values of cumulative fire duration probabilities for fires of any size with
durations < 1.0 hour for various truck collisions developed using this summation and the data of

Clauss, et al. to the values developed by the Modal Study.

Table 7.29 Comparison of Modal Study Cumulative Fire Durations for Various Truck
Accidents to Those Developed by Weighted Summation of Data from Clauss, et al. [7-5]

Collision With Car With Truck | With Train Off-Road
Clauss, et al. 0.99 0.80 0.94 0.995
Modal Study 0.9898 . 0.8257 0.8859 0.9989
NUREG/CR-____ 7-68
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Inspection of the table suggests that the results of Clauss, et al. are quite consistent with those
presented in the Modal Study. Accordingly, use of values of Py, gues P and P
developed from the data of Clauss, et al. with Modal Study fire duration data and truck accident
event tree probabilities seems appropriate. .

' 7.4.4.4 Train Collision Fire Statistics

Because a modem study of train collision fire statistics was not identified, estimates of Py, e
P, ... and P, .. for fires initiated by train collisions had to be developed by considering other
data. The results of Clauss, et al. show that fires initiated by the collision of a train with a truck
almost always have diameters = 25 ft. Because these collisions are unlikely to lead to train
derailments, the fires they initiate may involve the fuel that powers the diesel engine that was
hauling the train but are not likely to involve liquid chemicals in tank cars further back in the

train’s consist (the set of cars that make up the train). Accordingly, because train accidents that

Jead to derailments that also initiate fires frequently involve more than one car in the consist, the
cumulative probability distribution of the sizes of fires initiated by train dérailments should lie’
higher than the distribution found for fires initiated by train collisions with trucks. Therefore,
because (a) fires with diameters 2 25 ft will be optically dense to 2 cask that is engulfed by the
fire, (b) fires initiated by train derailments are likely to be larger than fires initiated by the
collision of a train with a truck, and (c) essentially all fires initiated by train collisions with a
truck have diameters 2 25 ft, for all train fires it is assumed that P, ., ... = 1.0.

Data on truck and train cargoes, specifically commodity flow statistics, has been compiled by the
Department of Transportation for the year 1993. Table 7.30 presents the ton-miles and ton-mile
fractions of highly combustible cargoes (commodities) that were transported over long distances
by trucks and by trains during 1993. '

Table 7.30 Truck and Train Commodity Flow Statistics for 1993

Highly Combustible Cargo Train Truck

- § Ton-miles Fraction - Ton-miles Fraction

w Coal |w/o Coal w Coal | w/o Coal |

Coal 3.03x10° | 0417 7.24x10' | 0012
Petroleum na : na na na na na
Chemicals 1.13x10° | 0.120 0.205 5.73x10" 0.091 0.092
Petroleum Products 4.76x10° } 0.050 0.087 3.00x10" 0.048 0.048
Rubber, Plastics 1.11x10° ] 0.001 .| 0.002 1.94x10° 0.031 0.031
Lumber, Wood Products 3.04x10' | 0.032 0.055 2.29x10* 0.036 0.037
Pulp, Paper - 3.77x10' | 0.040 0.069 474x10° | 0.075 | 0.076
All Highly Combustible — w Coal 6.23x10° 0.661 -} 4.28x10° 0.680
All Highly Combustible — w/o Coal] 2.30x10° 0418 4.21x10° 0.677
AH - w Coal 9.43x10° 6.29x10°
All - w/o Coal 5.50x10° 6.22x10’

Tzble 7.30 shows that, when coal is excluded from consideration, the number of ton-miles of
highly combustible cargoes transported by truck is about twice that transported by .train, and that
the relative amounts of the types of combustibles carried by the two transport modes are quite
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similar, differing principally in that trains carry more chemicals and petroleum products than
_trucks while trucks carry more rubber and plastics than trains. Because, when shipped by train,
most coal is hauled in unit trains, and because little petroleum is transported by train (long
distance transport of gaseous and liquid hydrocarbons is almost alwéys done by pipeline), while
petroleum fuels (diesel, gasoline) are almost always transported from tank farms to gasoline
stations by truck, it is clear that large quantities of petroleum are transported by truck but little by
train. Therefore, derailments of regular trains which haul little coal or petroleum should be less
Iikely to initiate fires fueled by highly combustible fuels than are fires initiated by truck
collisions. Accordingly, the chance that a train derailment will initiate a fire that has an average
temperature 2 1000 C should be smaller than the chance that a fire initiated by truck collision
initiates such a fire. But P, (T, < T_, < T, = 0.5 for fires initiated by truck collisions.
Therefore, for fires initiated by train derailments, use of P,,,, ...(T, £ T, £ T,) = 0.5 should be

, conservative. - :

The discussion presented in Section 7.4.2 above suggests that side and raking collisions and train
derailments typically involve about ten rail cars. Inspection of Table 7.30 shows that about 42
percent of all cargo in regular trains (not unit trains such as coal trains) is highly combustible. So
a typical train accident will involve four cars that are carrying highly combustible cargo. Now,
given that the train accident has led to a fire and that the car carrying the spent fuel cask is one of
the cars involved in the accident, an upper bound on the chance that the ensuing fire engulfs the
cask can be calculated as the ratio of the fire area to the minimum area occupied by the ten cars.
Thus,

p o Mg _ ad(25RF _ o,
AU T 1 O(Wegr legr)  10(0fCX2160)

where 10 ft and 21 ft are the width and length of & typical flat bed rail car.

Substitution of the values developed for P, ... ¢ur Poune empr @04 Py for train fires into
Equation 9 yields the following expressions for the probability of train fires sufficiently severe to
heat a rail spent fuel cask to a temperature in the indicated temperature range. ~
Ptes(T, ST ST) Popdnuydnm Pe;-uma Pdmuap 0 S Toa STY Py W ST, <T)
(1.0)0.3}0.5) P,..,.., =0.15P, .. (T, <T_, <T)

Pty o P Prtec Ty S T ST Peso (T, ST, ST,
(1.00.3)(1.0)P,_,_,=02P, . (T,ST_<T)

since, for fires in this temperature range, it is assumed that P, .. = 1.0.

= (1.0)1.001.00P,_ =P, (T.<T_.<T)

since, for fires in this temperature range, it is assumed that P, .. =P, .= 1.0.
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Poevere iresc{Ta S Teask ST = Popsicanty dense Peotocated Pame temp(Ta < Teask £ To) Paurations(Ta £ Teas < T)
= (1 '0)(1 '0)(1 '0) Pduration,k =P duranon,k(Ta = Tcask s Ts)

since, for fires in this temperature range, it is assumed that Py, mp = P =1.0.

co-located

7.5 Values for Release Fractions and Severity Fractions

7.5.1 Introduction

Severity fraction values can now be calculated by substituting the severity fraction parameter
values developed in Section 7.4 into the severity fraction expressions developed in Section 7.2.
When this is done, four sets of severity fractions are obtained, one for each of the four generic
casks, the steel-lead-steel and steel-DU-steel truck casks, and the steel-lead-steel and monolithic
steel rail casks, for which specifications were developed in Section 4.

Similarly, release fraction values can now be calculated by substituting the release fraction
parameter values developed in Section 7.3 into the release fraction expressions developed in
Section 7.2. When this is done, because low to moderate impact loads are estimated to fail more
PWR rods than BWR rods, two sets of release fractions are obtained for each generic cask, one
for PWR spent fuel and another for BWR spent‘fuel. Thus, eight sets of release fractions are
constructed, four sets of PWR release fractions (one set for each generic cask) and four sets of
BWR release fractions (again one set for each generic cask).

7.5.2 Calculational Method

Release fractions and severity fractions were calculated using spreadsheets. Copies of these
spreadsheets are presented in the Appendix D. Calculation of release fraction values was done
using a single spreadsheet. Four linked spreadsheets were used to calculate the severity fraction
values for each generic cask.

The first of the four severity fraction spreadsheets is the truck or train accident event tree that
gives congtructs values for individual accident scenarios, Pyepo; values. The second severity
fraction spreadsheet calculates values for P ..4; (V30,V60)s Pipeeaj (VoosVo0)> Pipecaj (VoosVizo)> and Py
(= Vy20), Where vy, Vg, Voo, and vy, are the cask impact speeds for accident scenario and accident
surface j that are equivalent to 30, 60, 90, and 120 mph impact§ onto an unyielding surface, and
for example P,..;; (Va0:Vep) is the chance that the cask impact velocity onto that surface falls
within the speed range (Vv;),Vg). These speed range probabilities are calculated by linear
interpolation using the appropriate Modal Study cumulative accident velocity distribution and the
real-surface values of vy, V¢, Vg, and vy,, developed from the finite element cask impact results
for unyielding surfaces described in Section 5.1 by partitioning of the impact energy between the

~ cask and the real yielding surface as described in Section 5.2.

The third severity fraction spreadsheet calculate values for Py, ionr (TosTo)s Paurations (T Tp)> and
Purations (Tp» Tp)» Where T, T, and T; are respectively the normal internal temperature of the spent
fuel cask, the temperature at which cask elastomeric seals begin to leak due to thermal loads, and
the average temperature of a hydrocarbon fuel fire, and for example P uons (T, T,) is the chance
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with one of the 18 truck accident cases, or one of the 25 train accident scenarios with one of the
20 rail accident cases, and then sums the results for each accident case over all of the accident
- scenarios that contribute to that accident case thereby producing a set of 18 truck accident
severity fractions for each generic truck cask or 20 train accident severity fractions for each
generic rail cask. .

7.5.3 Source Term Severity Fraction and Release Fraction Values

Finally, Table 7.31 presents the severity fraction and release fraction values developed by the
process outlined in the preceding section.
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Table 7.31 Source Term Severity Fractions and Release Fractions

Steel-DU-Steel Truck Cask

Steel-DU-Steel Truck Cask

Number of PWR Fuel Assemblies: 3

Number of BWR Fuel Assemblies: 7

|

Case | Severity PWR Release Fractions Case Severity BWR Release Fractions

Fraction Kr Cs Ru |Particulates| CRUD Fractiori . Kr Cs Ru |{Particulates| CRUD

1] 1.53E-08} 8.0E-01f | 2.4E-08 | 6.0E-07 6.0E-07 | 2.0E-03 1 1.53E-08| 8.0E-01] 2.4E-08 | 6.0E-07 6.0E-07 | 2.0E-03
2| 5.88E-05| 1.4E-01 | 4.1E-09 | 1.0E-07 1.0E-07 | 1.4E-03 2 5.88E-05] 5.4E-03| 1.6E-10] 4.0E-09 4,0E-09 | 4.5E-04
3{ 1.81E-06{ 1.8E-01] 5.4E-09 1.3E-07 1.3E-07 | 1.8E-03 3 1.81E-06 | 1.5E-02| 4.5E-10] 1.1E-08 1.1E-08 | 1.3E-03
41 7.49E-08| 8.4E-01 | 3.6E-05 | 3.8E-06 3.8E-06 | 3.2E-03 4 7.49E-08 | 8.4E-01| 4.1E-05 | 4.9E-06 4 9E-06 | 3.1E-03
5| 4.65E-07] 4.3E-01| 1.3E-08 | 3.2E-07 3.2E-07 | 1.8E-03 5 4,65E-07| 9.8E-02{ 2.9E-09| 7.3E-08 7.3E-08 | 1.2E-03
6| . 3.31E-09] 49E-01] 1.5E-08 | 3.7E-07 3.7E-07 | 2.1E-03 6 3.31E-09| 1.4E-01] 4.1E-09] 1.0E-07 1.0E-07 | 1.7E-03
7] 0.00E+00} 8.5E-01 | 2.7E-05 | 2.1E-06 2.1E-06 | 3.1E-03 7 0.00E+00| 8.4E-01 | 3.7E-05 | 4.0E-06 4,0B-06 | 3.2E-03
84 1.13E-08} 8.2E-01| 2.4E-08 | 6.1E-07 6.1E-07| 2.0E-03] 8 1.13E-08| 8.2E-01| 2.4E-08 | 6.1E-07 6.1E-07 | 2.0E-03
9| 8.03E-11] 8.9E-01| 2.7E-08 | 6.7E-07 6.7E-07 | 2.2E-03 9 8.03E-11| 8.9E-01 | 2.7E-08 | 6.7E-07 6.76-07 | 2.2E-03
10} 0.00E+00] 9.1E-01 | 5.9E-06 | 6.8E-07 6.8E-07 | 2.5E-03 10| 0.00E+00| 9.1E-01] 5.9E-06| 6.8E-07 6.8E-07 | 2.5E-03
11| 1.44E-10{ 8.2E-01| 2.4E-08 | 6.1E-07 6.1E-07 | 2.0E-03 11 1.44E-10| 8.2E-01} 2.4E-08] 6.1E-07 6.1E-07 | 2.0E-03
12| 1.02E-12] 8.9E-01 | 2.7E-08 | 6.7E-07 6.7E-07 | 2.2E-03 12 1.02E-12| 8.9E-01 | 2.7B-08 | 6.7E-07 6.7E-07 | 2.2E-03
13} 0.00E+00{ 9.1E-01 | 5.9E-06| 6.8E-07| . 6.8E-07| 2.5E-03 13 0.00E+00| 9.1E-01 { 5.9E-06 | 6.8E-07 6.8E-07 | 2.5E-03
14| 7.49E-11} 8.4E-01} 9.6E-05} 8.4E-05 1.8E-05 | 6.4E-03 14 7.49E-11] 84E-01| 1.2E-04 | 1.1E-04 2.4E-05 | 6.5E-03
151 0.00E+00| 8.5E-01| 5.5E-05| 5.0E-05 9.0E-06 | 5.9E-03 15 0.00E+00| 8.4E-01| 1.0E-04 | 8.9E-05 2.0E-05 { 6.4E-03
16| 0.00E+00| 9.1E-01 | 5.9E-06 | 6.4E-06 6.8E-07 | 3.3E-03 16 0.00E+00| 9.1E-01 ] 5.9E-06 | 6.4E-06 6.8E-07 { 3.3E-03
17| 0.00E+00]| 9.1E-01 | 5.9E-06 | 6.4E-06 6.8E-07 | 3.3B-03 17 0.00E+00| 9.1E-01| 5.9E-06 ] 6.4E-06 6.8E-07 | 3.3B-03
18] 5.86E-06| 8.4E-01{ 1.7E-05| 6.7E-08 6.7E-08 | 2.5E-03 18 5.86G-06] 8.4E-01] 1.7E-05] 6.7E-08 6.7E-08 | 2.5E-03
19 0.99993 0.0 0.0 0.0 0.0 0.0 19 0.99993 0.0 0.0 0.0 0.0 0.0

1.00000 1.00000

Aerosolized Fraction = 1.0
Respirable Fraction = 1.0



Table 7.31 Source Term Severity Fractions and Release Fractions (continued)
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Steel-Lead-Steel Truck Cask Steel-Lead-Steel Truck Cask
Number of PWR Fuel Assemblies: 1 Number of BWR Fuel Assemblies: 2
Case | Severity PWR Release Fractions Case Severity BWR Release Fractions
' Fraction Kr Cs Ru | Particulates; CRUD Fraction Kr Cs Ru |Particulates| CRUD
1 1.53E-08 | 8.0E-01 | 2.4E-08 | 6.0E-07 6.0E-07 | 2.0E-03 1 1.53E-08 | 8.0E-01 | 2.4E-08 { 6.0E-07 6.0E-07 | 2.0E-03
2| 6.19E-05| 1.4E-01{ 4.1E-09 | 1.0E-07 1.0E-07 | 1.4E-03 2 6.19E-05 | 5.4B-03 | 1.6E-10| 4.0E-09 4,0E-09 | 4.5E-04
‘: 3| 2.81E-07| 1.8E-01| 5.4E-09] 1.3E-07 1.3E-07 | 1.8E-03 3 2.81E-07 | 1.5E-02{ 4.5E-10} 1.1E-08 1.1E-08 | 1.3E-03
: 4] 6.99E-08| 8.4E-01| 3.6B-05| 3.8E-06 3.8E-06 | 3.2E-03 4 6.99E-08 | 8.4E-01 | 4.1E-05 | 4.9E-06 49E-06 | 3.1E-03
i 51 4.89E-07] 4.3E-01 | 1.3E-08 | 3.2E-07 3.2E-07 | 1.8E-03 .5 4.89E-07 | 9.8E-02 { 2.9E-09} 7.3E-08 7.3E-08 | 1.2E-03
6] 9.22BE-11] 4.9E-01] 1.5E-08{ 3.7E-07 3.7E-07] 2.1E-03 6 9.22E-11{ 1.4E-01 | 4.1E-09 | 1.0E-07 1.0E-07 | 1.7E-03
i 71 3.30B-12]| 8.5E-01] 2.7E-05 | 2.1E-06 2.1E-06 ] 3.1E-03 7 3.30E-12| 8.4E-01 | 3.7E-05 | 4.0E-06 4.0E-06 { 3.2E-03
} 8 1.17E-08{ 8.2E-01 ) 2.4E-08 | 6.1E-07 6.1E-07 | 2.0E-03 8 1.17E-08 | 8.2E-01 | 2.4E-08 | 6.1E-07 6.1E-07 { 2.0E-03
I 9 1.90E-12 | 8.9E-01 | 2.7E-08 | 6.7E-07 6.7E-07 | 2.2E-03 9 1.90E-12 | 8.9E-01 | 2.7E-08 | 6.7E-07 6.7E-07 | 2.2E-03
10| 0.00E+00]| 9.1E-0t | 5.9E-06 | 6.8E-07 6.8E-07 | 2.5E-03 10 0.00E+00 | 9.1E-01 | 5.9E-06 | 6.8E-07 6.8E-07 | 2.5E-03
i1 1.49E-10| 8.2E-01 | 2.4E-08 | 6.1E-07 6.1E-07 | 2.0E-03 11 1.49E-10| 8.2E-01 | 2.4E-08 | 6.1E-07 6.1E-07 | 2.0E-03
121 241E-14| 8.9E-01] 2.7E-08 | 6.7E-07 6.7E-07 | 2.2E-03 12 2.41E-14 | 8.98-01 | 2.7E-08 | 6.7E-07 6.7E-07§ 2.2E-03
- 13| 0.00E+00] 9.1E-01 | 5.9E-06 | 6.8E-07 6.8E-07 | 2.5E-03 13 0.00E+00 9.1E-01 | 5.9E-06 | 6.8E-07 6.8E-07 | 2.5E-03
i, 14] 6.99E-11] 8.4E-01} 9.6E-05 | 8.4E-05 1.8E-05 | 6.4E-03 14 6.99E-11 | 8.4E-01 | 1.2E-04 { 1.1E-04 2.4E-05| 6.5E-03
15| 3.30E-15| 8.5E-01 | 5.5E-05 | 5.0E-05 9.0E-06 | 5.9E-03 15 3.30E-15| 8.4E-01 | 1.0E-04 | 8.9E-05 2.0E-05 | 6.4E-03
16| 0.00E+00| 9.1E-01] 5.9E-06 | 6.4E-06 6.8E-07 | 3.3E-03 16 0.00E+00| 9.1E-01 | 5.9E-06| 6.4E-06|  6.8E-07 | 3.3E-03
17| 0.00E+00| 9.1E-01 | 5.9E-06 | 6.4E-06 6.8B-07 | 3.3E-03 17 0.00E+00 | 9.1E-01 | 5.9E-06 | 6.4E-06 6.8E-07 | 3.3E-03
18] 5.59E-06| 8.4E-01} 1.7E-05} 6.7E-08 6.7E-08 | 2.5E-03 18 5.59E-06 | 8.4E-01 | 1.7E-05{ 6.7E-08 6.7E-08 | 2.5E-03
19 0.99993 0.0 0.0 0.0 0.0 0.0 19 0.99993 0.0 00| 00 0.0 0.0
1.00000 ' 1.00000
Aerosolized Fraction = 1.0
Respirable Fraction = 1.0
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Table 7.31 Source Term Severity Fractions and Release Fractions (continued)

Monolithic Rail Cask ' Monolithic Rail Cask
Number of PWR Fuel Assemblies: 24 . Number of BWR Fuel Assemblies: 52
Case | Severity PWR Release Fractions - Case Severity BWR Release Fractions
Fraction Kr Cs Ru |Particulates| CRUD Fraction Kr Cs Ru |Particulates| CRUD
1| 4.49B-09] 4.1E-01| 1.2E-08] 2.5E-07 2.5E-07 | 1.4E-03 1 449E-09| B.9E-02| 2.7E-09| 5.3E-08 5.3E-08 | 8.9E-04
21 1.17E-07] 8.0E-01 | 8.6E-06 | 1.3E-05 1.3E-05 | 4.4E-02 2 1.17E-07{ 8.0E-0!| 8.6E-06| 1.3E-05 1.3E-05 | 4.4E-02
3] 4.49E-09} 8.0E-01| 1.8E-05| 1.9E-05 1.9E-05| 6.4E-02 ] 3 449E-09| 8.0E-01| 1.8E-05| 1.9E-05 1.9E.05 | 6.4E-02
4| 3.05E-05| 1.4E-01| 4.1E-09 | 1.0E-07 1.0E-07] 1.4E-03 4 3.05E-05| 5.4B-03| 1.6E-10] 4.0E-09 4.0E-09 | 4.5E-04
5 1.01E-06 | 1.8E-01 | 5.4E-09 | 1.3E-07 1.3E-07{ 1.8E-03 5 1.01E-06| 1.5B-02]| 4.5E-10{ 1.1E-08 1.1E-08 § 1.3E-03
6| 1.51E-08] 8.4E-01!} 3.6E-05} 1.4E-05 1.4E-05 | 5.4E-03 6 1.51E-08| 84E-01| 4.1E-05| 1.8E-05 1.8E-05 { 5.4E-03
71 17.31E-08 { 4.3E-01] 1.3E-08 | 2.6E-07 2.6E-07 | 1.5E-03 7 7.31E-08| 9.8E-02| 2.9E-09] 5.9E-08 5.9E-08 | 9.8E-04
8] 2.43E-09] 49E-01| 1.5E-08 | 2.9E-07 2.9E-07 | 1.7E-03 8 243E-09| 1.4E-01| 4.1E-09] 8.3E-08 8.3E-08 | 1.4E-03
9| - 3.61E-11]| 8.5E-01 ] 2.7E-05 | 6.8E-06 6.8E-06 | 4.5E-03 9 361E-11| 8.4E-01} 3.7E-05| 1.5E-05 1.5E-05 | 4.9E-03
10} 9.93E-10] 8.2E-01 | 8.8E-06{ 1.3E-05 1.3B-05 | 4.5E-02 10 9.93E-10| 8.2E-01| 8.8E-06| 1.3E-05 1.3B-05| 4.5E-02
11 3.30E-11 | 8.9E-01 | 9.6E-06| 1.5E-05 1.5E-05 | 4.9B-02 11 3.30E-11| 8.9E-01]| 9.6E-06| 1.5E-05 1.5E-05 | 4.9E-02
- 12] 491E-13} 9.1E-01 | 1.4E-05 | 1.5E-05 1.5E-05| 5.1E-02 12 491E-13| 9.tE-01| 14E-05] 1.5E-05 1.5E-05| 5.1E-02
5}., 13| 3.82BE-i1| 8.2E-01| 1.8E-05| 2.0E-05 2.0E-05 | 6.5E-02 13 3.82E-11| 8.2E-01| 1.8BE-05] 2.0E-05 2.0E-05 | 6.5E-02
14 1.27E-12| 8.9E-01 | 2.0E-05 | 2.1E-05 2.1E-05| 7.1E-02 14 1.27E-12] 8.9E-01{ 2.0E-05] 2.1E-05 2.1E-05| 7.1E-02
15 1.88E-14 | 9.1E-01 { 2.2E-05 | 2.2E-05 2.2E-05 | 7.4E-02 15 1.88E-14| 9.1E-01| 2.2BE-05| 2.2E-05 2.2E-05| 7.4E-02
16] S.69E-11] 8.4E-01 | 9.6E-05 | 8.4E-05 1.8E-05 | 6.4E-03 16 5.69E-11| 8.4E-01| 1.2E-04! 1.1E-04 2.4E-05 | 6.5E-03
17| 3.61E-14{ 8.5E-01 | 5.5E-05 | 5.0E-05 8.9E-06| S4E-03] 17 3.61E-14| 8.4E-01| [.0E-04| 8.9E-05 2.0B-05 | 5.9E-03
18| 4.91B-16] 9.1E-01 | 1.4E-05| 1.8E-05 1.5E-05 | 5.1E-02 18 491E-16| 9.1E-01| 14B-05] 1.8E-05 1.5E-05| 5.1E-02
19| 1.88E-17] 9.1E-01} 2.2E-05 | 2.3E-05 2.2E-05] 7.4E-02 19 1.88E-17| 9.1E-01] 2.2E-05| 2.3E-05 2.2E-05| 7.4E-02
20| 6.32E-06| 8.4E-01] 1.7E-05| 2.5E-07 2.5E-07 | 9.4E-03 20 6.32E-06| 8.4E-01} 1.7BE-05] 2.5E-07 2.5E-07 | 9.4E-03
21 0.99996 0.0 0.0 0.0 0.0 0.0 19 0.99996 0.0 0.0 0.0 0.0 0.0
1.00000 ' 21 1.00000

Aerosolized Fraction = 1.0
Respirable Fraction = 1.0
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Table 7.31 Source Term Severity Fractions and Release Fractions (continued)

Steel-Lead-Steel Rail Cask

Steel-Lead-Steel Rail Cask

Number of PWR Fuel Assemblies: 24

Number of BWR Fuel Assemblies: 52

Case | Severity PWR Release Fractions Case Severity BWR Release Fractions

Fraction Kr Cs Ru |Particulates| CRUD Fraction Kr Cs Ru |Particulates| CRUD

1| 8.20E-06| 4.1E-01 | 1.2E-08 | 2.5E-07 2.5E-07 | 14E-03 1 8.20E-06| 8.9E-02| 2.7E-09 5.3E-08 5.3E-08 | 8.9E-04
2| 5.68E-07| 8.0E-01 | 8.6E-06} 1.3E-05 1.3E-05 | 4.4E-02 2 5.68E-07| 8.0E-01| 8.6E-06| 1.3E-05 1.3E-05 | 4.4E-02
3] 4.49E-09| 8.0E-01 1.8E-05 | 1.9E-05 1.9E-05 | 6.4E-02 3 4.49E-09| 8.0E-01}| 1.8E-05] 1.9E-05 1.9E-05 | 6.4E-02
4] 296E-05] 1.4E-01 | 4.1E-09 { 1.0E-07 1.0E-07 | 1.4E-03 4 2.96E-05| S.4E-03| 1.6E-10| 4.0E-09 4,0E-09 | 4.5E-04
s| 8.24E-07]| 1.8E-01 | 54E-09 | 1.3E-07 1.3E-07 | 1.8E-03 ] 8.24E-07| 1.5E-02{ 4.5E-10} 1.1E-08 1.1E-08 { 1.3E-03
6| 1.10B-07| 8.4E-01 | 3.6E-05 | 1.4E-05 1.4E-05 | 5.4E-03 6 1.10E-07| 8.4E-01]| 4.1E-05| 1.8E-05 1.8E-05 | 5.4E-03
7| 6.76E-08 | 4.3E-01 [ 1.3E-08 | 2.6E-07 2.6E-07 ] 1.5E-03 7 6.76E-08 | 9.8E-02| 2.9E-09| 5.9E-08 5.9E-08 | 9.8E-04
8| 1.88E-09| 4.9E-01 | 1.5E-08 | 2.9E-07 2.9E-07 | 1.7E-03 8 1.88E-09| 1.4E-01| 4.1E-09| 8.3E-08 8.3E-08 | 1.4E-03
9| 251BE-10] 8.5E-01 | 2.7E-05 | 6.8E-06 6.8E-06 | 4.5E-03 9 2.51E-10| 84E-01| 3.7E-05| 1.5E-05 1.5E-05 | 4.9E-03
10| 4.68E-09 | 8.2E-01 | 8.8E-06 | 1.3E-05 1.38-05 | 4.5E-02 10 4.68E-09| 8.2E-01{ 8.8E-06| 1.3E-05 1.3E-05 | 4.5E-02
11 1.31B-10 | 8.9E-01 | 9.6E-06 | 1.5E-05 1.5E-05 | 4.9E-02 11 1.31E-10| 8.9E-01| 9.6E-06| 1.5E-05 1.5E-05 | 4.9E-02
12| 1.74E-11] 9.1E-01 | 1.4E-05 | 1.5E-05 1.5E-05 | 5.1E-02 12 1.74E-11| 9.1E-01} 1.4E-05| 1.5E-05 1.5E-05 | 5.1E-02
13| 3.70BE-11] 8.2E-01 | 1.8B-05 | 2.0E-05 2.0E-05 | 6.5E-02 13 3.70E-11| 8.2E-01| 1.8E-05 2.0E-05 2.0E-05 | 6.5E-02
14| 1.03E-12| 8.9E-01 | 2.0E-05 | 2.1E-05 2.1E-05| 7.1E-02 14 1.036-12| 8.9E-01]| 2.0E-05]| 2.1E-05 2.1E-05 | 7.1E-02
15| 1.37B-13] 9.1E-01 ] 2.2E-05 | 2.2E-05 2.2E-05 | 7.4E-02 15 1.37E-13| 9.1E-01| 2.2E-05| 2.2E-05 2.2E-05 | 74E-02
16| 4.15B-10] 8.4E-01 | 9.6E-05 | 8 4E-05 1.8E-05 | 6.4E-03 16 4.15E-10| 8.4E-01{ 1.2E-04} 1.1E-04 2.4E-05 | 6.5E-03
17| 2.51E-13| 8.5E-01 | 5.5E-05 | 5.0E-05 8.9E-06 | 54E-03 17 2.51B-13| 8.4E-01| 1.0E-04| 8.9E-05 2.0E-05 | 5.9E-03
18] 1.74E-14] 9.1E-01 | 1.4E-05 | 1.8E-05 1.5E-05] 5.1E-02 18 1.74E-14| 9.1E-01 | 1.4E-05] 1.8E-05 1.5E-05 | 5.1E-02
19| 1.37E-16] 9.1E-01| 2.2E-05 | 2.3E-05 2.2E-05| 7.4E-02 19 1.37E-16] 9.1E-01| 2.2E-05] 2.3E-05 2.2E-05 | 7.4E-02
20| 4.91E-05| 8.4E-01| 1.7E-05 | 2.5E-07 2.5E-07 | 9.4E-03 20 491E-05| 84E-01| 1.7E-05] 2.5E-07 2.5E-07} 9.4E-03
21 0.99991 0.0 0.0 0.0 0.0 0.0 21 0.99991 0.0 0.0 0.0 0.0 0.0

1.00000 1.00000

Aerosolized Fraction = 1.0
Respirable Fraction = 1.0

g .




il
I

.

7.6 References

[7-1]

[7-2]

[7-3]

[7-4]

[7-5]

[7-6]

[7-7}

[7-8]
[7-51
[7-10]
[7-11]

[7-12]

[7-13]

[7-14]

L. E. Fischer, et al., “Shipping Container Response to Severe Highway and Railway
Accident Conditions,” NUREG/CR-4829, Lawrence Livermore National Laboratory,
Livermore, CA, February 1987.

ARC/INFO Coverages and Arc View Project, K. C. Bayer Digital Map of the U.S.,
purchased from Geologic Data Systems, Inc., 1600 Emerson St., Denver, CO 80218.

State Soil Graphics (STATSGO) Data Base, available on the Internet at
ftp.ftw.nrcs.usda.gov/pub/statsgo.

Accidents of Motor Carriers of Property (for the years 1973 through 1983), Bureau of
Motor Carrier Safety, Federal Highway Administration, U.S. Department of
Transportation, Washington, DC, 1975-1984.

D. B. Clauss, et al., “A Statistical Description of the Types and Severities of Accidents
Involving Tractor Semi-Trailers,” SAND93-2580, Sandia National Laboratories,
Albuquerque, NM, June 1994.

Accident/Incident Bulletins Nos. 145 through 151, Office of Safety, Federal Railroad
Administration, U.S. Department of Transportation, Washington, DC, 1977-1983.

Ref. [7-1], p. 2-30.

Comments by meeting attendees at the Rail Accident Event Tree Meeting held at the
American Association of Railroads Offices in Washington, DC, November 3, 1997.

Personal Communication, S. Borener, Department of Transportation Volpe Center,
1998. -

K. S. Neuhauser andF. L. Kanipe, “RADTRAN 4, Volume II, Technical Manual,”
SAND89-2370, Sandia National Laboratories, Albuquerque, NM, May 1994.

K. S. Neuhauser and F. L. Kanipe, “RADTRAN 4, Volufne I, User Guide,” SANDS89-
2370, Sandia National Laboratories, Albuquerque, NM, January 1992.

A. G. Croff, “ORIGEN2 - A Revised and Updated Version of the Oak Ridge Isotope
Generation and Depletion Code,” ORNL-5621, Oak Ridge National Laboratory, Oak
Ridge, TN, July 1980.

ORIGEN? Isotope Generation and Depletion Code, CCC-371, Oak Ridge National
Laboratory, Oak Ridge, TN, 1991. .

Spent Nuclear Fuel Discharges from U.S. Reactors, Energy Information Administration,
U.S. Department of Energy, SR'CNEAF/96-01, 1994.

7-717 NUREG/CR-___.




[7-15]
[7-16]
[7-17]

[7-18]

[7-19]

l | [7-20]

International Atomic Energy Agency, Safety Series No; 7, IAEA Safety Guides,
Explanatory Material for the IAEA Regulations for the Safe Transport of Radioactive
Material (1985 Edition), 2" Edition, Vienna, 1987.

Code of Federal Regulaﬁons, Volume 49, Part 173.435 (49 CFR 1273.435).
Unpublished Sandia code, available upon request.

R. P. Sandoval, et al., “Estimate of CRUD Contribution to Shipping Cask Containment
Requirements,” SAND88-1358, Sandia National Laboratories, Albuquerque, NM,
January 1991.

“Environmental Assessment of Urgent-Relief Acceptance.of Foreign Research Reactor
Spent Nuclear Fuel,” DOE/EA-0912, U.S. Department of Energy, Washington, DC,
April 1994, Table E-7, p. E-12.

D. A. Powers, et al., “A Review of the Technical Issues of Air Ingression During Severe
Reactor Accidents,” NUREG/CR-6218, Sandia National Laboratories, Albuquerque,
NM, September 1994.

.‘ [7-21] T. L. Sanders, et al., “A Method for Determining the Spent-Fuel Contribution to
_ Transport Cask Containment Requirements, Appendix II, Spent Fuel Response to
' Transport Environments,” SAND90-2406, Sandia National Laboratories, Albuquerque,
i NM, November 1992.
‘ [7-22] Ref. [7-21], p. II-48.
‘ [7-23] Ref. [7-21], p. I-138.
[7-24] J.J. Gregory, et al., Thermal Measurements in Large Pool Fires, J. Heat Transfer 111,
i 446 (1989). : . _
[7-25] P. J. Nigrey, “Prediction of Packaging Seal Life Using Thermoanalytical Techniques,” .
Proceedings of the 12" International Conference on the Packaging and Transportation of
i Radioactive Materials (PATRAM '98), IAEA, Vol. 4, p. 1730, 1998.
[7-26] H.-P. Weise, et al., “Untersuchung der Sicherheitreserven von Dichtsytemen fiir
i Umschliessungen zum Transport und zur Lagerung Radioaktiver Stoffe,” Research
Project BMUY/St. Sch. 1081, Final Report, 1992.
i [7-27] R. A. Lorenz, et al., “Fission Product Release from Highly Irradiated LWR Fuel,”
' NUREG/CR-0722, Oak Ridge National Laboratory, Oak Ridge, TN, February 1980, pp.
i 48-80.
{7-28] E. L. Wilmot, “Transportation Accident Scenarios for Commercial Spent Fuel,”
i SANDS80-2124, Sandia National Laboratories, Albuquerque, NM, February 1981.
[7-29] Ref. [7-21], p. TI-149.
] NUREG/CR-___ ’ 7-78



— = mm omm ome a.....-a
- : <y

[7-30]

[7-31)

[7-32]

[7-33]

- [7-34)

[7-35]
[7-36]
[7-37]

[7-38]
[7-39]

[7-40]

[7-41]

[7-42]
[7-43]

[7-44]

L. B. Sheppert, et al., “Cask Designers Guide,” ORNL-NSIC-68, Oak Ridge National
Laboratory, Oak Ridge TN, February 1970, p. 156.

J. L. Sprung, et al., “Data and Methods for the Assessment of the Risks Associated with
the Maritime Transport of Radioactive Materials: Results of the SeaRAM Program,
Vol. 2, Appendix IV, Cask-to-Environment Release Fractions,” SAND97-2222, Sandia
National Laboratories, Albuquerque, NM, August 1997.

R. J. Burian, et al., “Response of Spent LWR Fuel to Extreme Environments,” SANDSS-
7213, Sandia National Laboratories, Albuquerque, NM, August 1985 (unpublished
contractor report prepared by Battelle Columbus Laboratories; available on request).

R. P. Sandoval, et al., “Response of Spent LWR Fuel to Extreme Environments,”
Proceedings of International Symposium on the Packaging and Transportation of
Radjoactive Materials (PATRAM °86), IAEA, Vol. 2, p. 695, 1987.

Airborne Release Fractions/Rates and Respirable Fractions for Nonreactor Nuclear
Facilities, DOE-HDBK-3010-94, U.S. Department of Energy, Washington, DC, Vol. 1,
p. 5-23.

Ref. [7-21], p. IV-13.
Y. Otani, Aerosol Science Technol. 10, 463 (1989).

R. A. Lorenz, “Fission Product Release from Simulated LWR Fuel,” NUREG/CR-0274,
Oak Ridge National Laboratory, Oak Ridge, TN, October 1978.

R. A. Lorenz, et al., “Fission Product Source Terms for the Light Water Reactor Loss-

of-Coolant Accident, Nucl. Technol. 46, 404 (1979).

R. A. Lorenz, et al., “Fission Product Soux:ce Terms for the Light Water Reactor Loss-

. of-Coolant Accident,” NUREG/CR-1288, Oak Ridge National Laboratory, Oak Ridge,

TN, July 1980. .
Ref. [7-21], p. IV-5. |

K. K. Muratg, et al., “Code Manual for CONTAIN 2.0: A Computer Code for Nuclear
Reactor Containment Analysis,” NUREG/CR-6533, SAND97-1735, Sandia National
Laboratories, Albuquerque, NM, December 1977.

Ref. [7-27], p. 48.
Ref. [7-27], p. 128.

F. P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, John Wiley
& Sons, New York, 1985.

7-79 NUREG/CR-___




l

[7-45] R.B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, John Wiley &
' Sons, New York, 1960. '
[7-46] N. E. Bixler, “VICTORIA 2.0: A Mechanistic Model for Radionuclide Behavior in a
. Nuclear Reactor Coolant System Under Severe Accident Conditions,” NUREG/CR-
6131, Sandia National Laboratories, Albuquerque, NM, 1998. ’
. [7-47] Personal Communication, J. Clauss, 1998.
5 [7-48] Ref. [7-27], p. 104.
[7-49] Ref. [7-27], pp. 18-22.
H [7-50] S.R.Dharwadkar and M. D. Karkhanavala, Indian J. Chem, 13, 685 (1975).
' [7-51] Ref. [7-21], p. TI-51.
.
: [7-52] Ref. [7-21], Table I-3, p. I-10.
. [7-53] - Ref. [7-18], Table I-17, p. I-51.
[7-54] Ref. [7-18], Figures I-10 through I-12, p. I-36.
! [7-55] Ref. [7-18], p. I-30.
' [7-56] R. K. Clarke, et al., “Severities of Transportation Accidents, Vol. IV, Train,” SLA-74-
0001, Sandia National Laboratories, Albuquerque, NM, July 1976, pp. 15-17.
‘ [7-57] Ref. [7-1], Table 5.2, p. 5-10. '
_ [7-58] Ref. [7-1], Table 5.1, p. 5-8 and Table 5.2,p. 5-10.
! [7-59] 10CFR71.73 ' |
[7-60] L. A. Gritzo, et al., “Transient Measurements of Radiative Properties, Soot Volume
. Fraction and Soot Temperature in a Large Pool Fire,” Combust. Sci. and Tech. 139, 113
(1998).
- [7-611 A.R. Lopez, et al.,, “Risk Assessment Compatible Fire Models (RACFMs),” SAND97-
1562, Sandia National Laboratories, Albuquerque, NM, July 1998. '
a NUREG/CR-___ 7-80




ATTACHMENT 3

LICENSING BASIS SOURCE TERMS
USED

IN HI-STORM SAR



Torm Storage Lalculations

Tnput) -FNL.-2 ]

This specitied ieak rates ToF &k ii7 a2 .
to a hole size and then hellum leak rates for j
conditions to be {Entter all dala vaiues In bius K {
7 : \
rai ne M ~
Pu atm 1 Pa= 0.505! [Shont Table of Approximate Hole Sizes
[Pdatm o.m TM= 10.27586] lfor Air Leaks at Conditions
|a cm 19 a'mu= 0.034893, a=0.5cm_ T=298K Pu=1 atm Pd=01 atm
Tdeg K 208 Pu-Pd= 0.99; T
M 2 Pa/Pu= 0,505 Cuem™3ls 1D (emy i
mu (Cp) 0.0184 Fe= 1.17E-05] ] i
! | [Fm= abmmbm 1.00E-07] 1.334E-04
' i 5.00E-07]_2.117E-04
d leak rale sp : 1,00E-06] 2.572E-04'
5.00E-06__4.002E-04,
1.00E-05,4.824E-04,
D (cm) (HOLTEC) 5.00E-05, 7.094E-04;
1 1.00E-04:_6.866E-04'
C 5.00E-04!_ 1.346E-03° :
1,00E-03] _1.608E-03. ;
_— -
i -
: 7 . ; i
i JShort Table of Approximate Hole Sizes ¢
! i or AIr Leaks at Conctions j
1 322 [a=1.0cm_ T=298K Pu=1 atm_Pd=.01 atm i
= 127.5] T i
acm 1.9, la'mu= } 0.053313, Lu cm3/s |D(em} |
T deg K 510 TPu-Pd= 444 | ;
(] 4 PaPu= 0501912 1.00E-07.__1.6326-04)
mu 0.0281 {Fe= 767E-06' 500E-07, 2.572E-04
ﬂ Fm= 1.81E-06: 1,00E-06] 3.120E-04
Dem = ] 6. S@mé» 5.00E-06:_4.823E-04
: 1.00E05_5.810E-04, ,
LU (norm)= : 2. %m.om cmA3ls 5.00E-05 _8.865E-04) i i
Lu(norm) assumed by HOLTEC = 9.50E-08- etm-cm~3/sec 1.00E-04 1.063E-03 : !
: 5.00E-04; 1.608E-03, T :
nigam:gﬂga 1 .oomE.B 1
{onter vilos I Bl iy ! :
; I ;
Pu atm 5.44 Pa= 3.22 mu {cP) Calculator for Alr 1
Pd atm 1 A= 127.5) T(Cy, T(K) mu T(F)
acm 19, a"mu= 0.053313, 20, 275.15 172. 356
Tdeg K s10 Pu-Pd= 444 5.3 2764, 174. 21.4°
M 4 Pa/Pu= 0591912 85 281.65 75. 473
mu 0.0281 Fe= 7.67E-06 1.8 2849, 77. 53.1;
i Fm= 181E06 15. 288.25, 78. 58.2
Oom = i 6.366E-04 . : ! 18, 2914 80. 649
j f i 21, 294.65, 2.1 70.7;
Lu (oft-norm)= 2.49E05] e ¥is | T i 4.8 297.9- 33.6{ 766,
_ka..:aiv!glwq:oﬁmn. 9.50E-06 atm-cm*3/sec 28.01 301.15; 5.2 824 :
: ! i 1.3] 304.41] 36. 883 ;
“ ! 345! 307.66; 53.2] 84.1, :
! 7.8 310.91] B9. 100.0 )
Convert to Leakaga o. Follum at Accident Gask Condflions 1.0 314.17] _‘m_ 1058 !
443 317.42] 92. 1.7 !
i 7 i 375 320.68] 194.2] 117.6; 1
[Pu aim 5 Pa= 5.25! : ! !
|Pd atm 1 TM= 21075 Linear interpotation of mu | i
acm 197 a'mu= 0.075481: il 27.9 1
T deg K 843 ‘Pu-Pd= 85! T2 301.15
M 4 FaPu= 0.552632; mul 1838
mu : 0.0397 Fe= 5.42E-06; mu2 1852
_ Fm= 1.43E-06; new T 296
Dem = 6.3660E-04. - | interpolated value' 0.01836492 r
i i T ; !
LUtacc) = J22E05 ads | 1 i 1 W
Lu(accidort) assumed by HOLTEC= 1.26E-05 cm3/sec [~ i (P} Calciiator for 1
! : | | T e i :
i l,r H !
T
15!
93.25'
0043339
qi
0.75;
7.26E-06,
2.74E06, ;
LU nor) = 7.50E-06, cm~3/s |
|
i i
“"HOLTEC stales on page 7.3-4 that the diameter is calculated assuming
Pu=2, Pd=1, a=19. ﬁuﬁmuﬁux.zh L=7.50-6. D should be 6.960-4
“ ]
! ! : I
! i ' { T
mu (¢ or for mu (¢! of wmy =3
helium _ ofi-normal, el - {aceider
1 T my TG T mu T(C)
0 273 186 0 273 166] 0
20 293] 194.1 20 293 194.1] 20)
100] 373] 2281 100] 373 226.1 100
200) a73] __ 261.2 200 473 267.2) 200
250 523 285 250] 523 2885, i 250
282 555 209.2] 282 555) 299. ] nm_
407 680 343, 407 669 343, I 307
486 50 70. 486 759 370. 486]
606 79| 408.7] 606 879 408. 606
676 949 430 67| 949 430. 676
817] 1000] __ 471. 817] 1090 a7, 817]
] I | I
Linear Inferpolation of mu Linear inte! tion of mu ! Linear intel
T a73) T a73) i Ti
T 523 T: 523 i T2
mu 287.2 mulf 267 mul X
mu2 285.3 mu2j  285.9] mu2| .7}
Sd¢ So_ now T| 51 new. 843
interpoated valu] 0.0281] Interpolated vaiue|__0.0281} nferpotated value| 00387
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Crud Source Term

HOLTEC High Storm Storage Calculations (MPC-68) Revised (using H

This WorkData |

Assumed Co-60 on fuel rods

at time of discharge from react
spaliation fraction |

Co-60 half life =~

Userinput  (Enterc

Fuel type (PWR or BWR)
CO-60 for fue! type from data above
Type ofassembly |
No. of fuel assemblies
No. of rods per ‘assembly

|

3

normal and off-normal
acmdent

L W‘L o

Normal/Off-normal Leaka e duration

1254
GE 7x7

BWR_

PWR

OLTEC Input) -FNL.-2
|

uCilem2 |

_ 140[uCi/em~2
1254 uCi/cmn2
Holtec Holtec
incorrectly incorrectly
used 1% used 10%
0.1 0.01 normal 0.1 Off-normal
100 I |
5271 years| lambda =| 0.131502026| _ -
365|  days| - [ D B
30| days| I

| Calculated Values

Rod Iengyl_- inches [_»_ - 177 in. ) Slng[e Qq Asyrfgceﬁarea cm/\2 ] 2044 873484 cm2
Rod diameter -inches 0.57 in. B Single assembly surf. area - cm’\2 ] lQQ198 8007 cmh2
Free cavnty volume cm{\g o 5.99E+06 cm"3  |Total rod surface area - cmA2 681 QE+06 lcmA2
Mlnlmum No. of years cooling 5yr. ] Slngle assy. mmal crudonrods - Ci 1.256E+02|/Ci
o B o Total |n!t|alrcrud onrods-Ci o 8. 544!53;03 Ci ]
I e 1 , Smgle assyﬁtie‘cayed crud Ci B ,,A§,§1QE+01 Ci
o B ] __ |Total decayed crud @ cask Ioa_d VC| | 4.427E+03|Ci
o _ o _iLoose crud Normal conqltlons Ci _ 4427E+01Ci
B . L Loose ngg _gqndntnons Ci - t} 51_27E+03 [
o o o Loose crud Off-Normal Condltlons Cl - 4.427E402|
CO-GO concentratlon in cask free space Normal "7.391E-06 CVG"!L‘@,,,,, N
. I T D Off-normal ) 7,,3,‘@1, E-og, Cilem”3 o B o
I U D ] Accldent B _ 7.391E-04 Cl/cm"3 ]
Calculation of Leakage Rates [ EE R VO NN )
CRUD leak rate calculation |Normal ~ | 7.021E-1|Cisec | o N
- R |Oft-normal | 7.021E-10/Ci/sec_ I I
I _|Accident ~ 9.238E-09 Cl/sec ) I o
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CHI Over Q

HOLTEC High Storm Storage Calculations (MPC-68) Revised {(using HOLTEC Input) -FNL.-2 |
— : ‘3 } 1
This worksheet calculates the chi/Q values for normal/offnormal and accident conditions.
The sigma y, sigma z, and M values are from figures 1, 2 and 3 of R.G. 1.145 respectively. Use the method in R.G. 1.145
section 1.3.1 to select the correct chi/Q value. As an alternative, chi/Q from R.G. 1.25 may be used for the accident case.
Enter: o | i j
Overal 4.89 A (cask cross sectional area) - m"2 8.41
Cask diameter - meters 1.72 I ;
Distance to site boundary - meters 100 f ;
Health Physics Data ‘ ’ ‘ !
Forthe normal /oft- | | 1|
(X/Q) calculation - . normal case, use corr'ection; ‘, ‘
[Normal/Oftnormal Case ! the conditions for D- $ : | }
L actor |
stability. : 4 | !
‘ i
wind speed (m/sec ; 1 : : f
( ) ! | : i Applicant used 1 (use of 5 is also acceptable)
: i i
: : ; ! i
; . X/IQeqn1, [X/Qegn2, |[X/Qeqn3, : :
Distance {m) 5 sigma(y) sigma(z) sec/m*3 |sec/m*3 sec/m*3 l
— 100 8.3 49  7.577E-03 2.609E-03] 1.957E-03] 7 '
) 150 : 12.5 - 641 4.103E-03 1.392E-03| 1.044E-03} 1 ;
200 ! 17 ‘ 9 2.062E-03 6.935E-04] 5.201E-04
250 i 20 12 ¢ 1.319E-03 4.421E-04] 3.316E-04
300 i 25 : 14 : 9.060E-04 3.032E-04] 2.274E-04
N 500 ! 40 © 18 | 4.181E-04 1.396E-04] 1.047E-04
o 750 | 55 ) 27 i 2.142E-04 7.145E-05] 5.359E-05
1000 83 : 33 ! 1.1625—04 3.874E-05}) 3.668E-05
1 | : e |
ENTER NORMAL/OFF-NORMAL chi/Q FOR THE DISTANCE TO SITE BOUNDARY | 1.600E-04|Ho|tec # (Factor of 50)
) @For the accident ‘M, the |[
(X/Q) calculation - ‘case, use the . " .
. | - ‘correction | :
Accident Case conditions for F- Hactor | ;
stability. = } 4
wind speed (m/sec) 1 '
: . X/Qegn1, | X/Qeqn2, |X/Qeqn3,
+ .
Distance (m) ; sigma(y) 1 sigma(z) sec/m*3 sec/m*3  |sec/m”3
B 100 ‘ 4 i 23 i 3.020E-02 1.153E-02] 8.650E-03
~ 150 \ 6.1 ! 3 . 1.621E-02 5.798E-03] 4.348E-03 |
200 8.5 . 4 9.007E-03 3.121E-03] 2.341E-03] ’
250 : 10 | 5 6.200E-03 2.122E-03] 1.592E-03]
300 13 ! 6 ' 4.012E-03 1.360E-03] 1.020E-03 i
500 : 20 . 85 ' 1.858E-03 6.241E-04] 4.681E-04 :
750 i 30 i 11 | 9.607E-04 3.215E-04] 2.411E-04 !
1000 39 145 ' 5.616E-04 1.876E-04] 1.002E-04 i
- : ‘ 1 ‘;
ENTER ACCIDENT chi/Q FOR THE DISTANCE TO SITE BOUNDARY 8.00E-03 (Holtec #)
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Fuel Source Term

HOLTEC ngh Storm Storage Calculatlons (MPC-GB) Revised (usmg HOLTEC input) -FNL -2

!

This sheet calculates the fuel source terms. ‘

I

|

mass of uranium (MTIHM) per assembly

Number of assemblies per cask E

i

68

ter data in
1 "MTIHM or Assembly (it = 1)

P

cask free space !

5.99E+06

cmh3

i
i

Calculatlon of Fuel Source Terms

1

"THIS TABLE ASSUMES 100% OF FINES RELEASED ARE AVAILABLE FOR

LEAKAGE. !

Radio- CURIES/ Activity per Act:-\zzlpell Normal Off-Normal | Activity
nuclide MTIHM or | %TOTAL as§embly Cask Activity Af:tivity (Cilc_m"3)
Assmbly (ci/assy) (cilcask) (Cilem”3) (Cilem~3) § Accident
Gase!
H3 8.72E401 0.07% 8.72E+01] 5.93E+03] 297E-06] 297E-05] 2.97E-04
KR 85 1.43E+03 1.09% 1.43E+03| 9.72E+04]  4.87E-05] 4.87E-04] 4.87E-03
1129 7.72E-03 0.00% 7.72E-03] 5.25E-01] 263E-10]  2.63E-09] 2.63E-08
Volatiles | . =
SR 90 1.52E+04 11.59% 1.52E+04] 1.03E+06 3.45E-05
RU106 4.16E+03 3.17% 4.16E+03] 2.83E+05 9.45E-07| 9.45E-06
CS134 7.20E+03 5.49% 7.20E+03] 4.90E+05 1.63E-06] 1.63E-05
CS137 2.29E+04 17.46% 2.29E+04] 1.56E+06
Fines o ig A
FE 55 0.00% 0.00E+00 .
CO 60 6.50E+01 0.05% 6.50E+01 4.42E+03]  2.21E-10| 221E-09] 221 E-08|
NI 63 0.00% 0.00E+00] 0.00E+00]  0.00E+00]  0.00E+00] 0.00E+00|
Y 90 1.52E+04 11.59% 152E+04] 1.03E+06] 5.18E-08]  5.18E-07] 5.18E-06]
RH106 4.16E+03 3.17% 4.16E+03] 2.83E+05] 1.42E-08]  1.42E-07] 1.42E-06
CD113M » 0.00% 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00
SN119M 0.00% 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00
SB125 6.40E+02 0.49% 6.40E+02| 4.35E+04] 2.18E-08] 2.18E-08] 2.18E-07
TE125M 1.56E+02 0.12% 1.56E+02| 1.06E+04] 5.31E-10] 5.31E-09] 5.31E-08
BA137M 2.16E+04 16.47% 2.16E+04] 147E+06] 7.36E-08]  7.36E-07] 7.36E-06
CE144 2.46E+03] - 1.88% 2.46E+03| 1.67E+05] 8.38E-09] 8.38E-08] 8.38E-07
PR144 2.46E+03 1.88% 2.46E+03] 1.67E+05] 8.38E-09]  8.38E-08] 8.38E-07
PM147 8.88E+03 6.77% 8.88E+03] 6.04E+05] 3.02E-08]  3.02E-07] 3.02E-06)
SM151 0.00E+00 0.00% 0.00E+00] 0.00E+00] 0.00E+00]  0.00E+00] 0.00E+00]
EU154 1.07E+03 0.82% 1.07E+03] 7.28E+04] 3.64E-09] 3.64E-08] 3.64E-07
EU155 3.51E+02 0.27% 351E+02] 2.39E+04] 1.20E-09] 1.20E-08] 1.20E-07
PU238 7.49E+02 0.57% 7.49E+02| 5.09E+04] 255E-09] 2.55E-08] 2.55E-07
Np239 7.39E+00 0.01% 7.39E+00] 5.03E+02] 252E-11] 252E-10] 2.52E-09
PU239 6.16E+01 0.05% 6.16E+01] 4.19E+03]  2.10E-10f  2.10E-09] 2.10E-08
PU240 1.26E+02 0.10% 126E+02] 857E+03] 4.29E-10]  4.29E-09] 4.29£-08
PU241 2.10E+04 16.01% 2.10E+04] 1.43E+06] 7.15E-08] 7.15E-07] 7.15E-06
[AM241 | 2.20E+02 0.17% 220E+02| 150E+04] 7.49E-10] 7.49E-09] 7.49E-08
AM242 0.00% 0.00E+00] 0.00E+00] 0.00E+00]  0.00E+00] 0.00E+00
AM242M 0.00% 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00]
AM243 7.39E+00] 0.01% 7.39E+00] 5.03E+02] 2.52E-11 252E-10] 2.52E-09]
CM242 6.10E+00] 0.00% 6.10E+00] 4.15E+02] 2.08E-11 2.08E-10]  2.08E-09f
CM243 4.81E+00| 0.00% 481E+00] 3.27E+02]  1.64E-11 1.64E-10|  1.64E-09]
CM244 9.30E+02 0.71% 9.30E+02| 6.32E+04] 3.17E-09] 3.17E-08] 3.17E-07
M NE—
TOTAL 1.31E+05]  100.00% 131E+05] 8.92E+06] 5.31E-05] 5.31E-04] 5.31E-03]
| Total Total Off- Total
: ‘x \ Normal Normal Activity
i i i Activity Activity {Ci/lcm*3)
‘; ' ‘ (Cilem3) | (Cilen3) | Accident
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Accident Dase

HOLTEC High Storm Storage Calculations (MPC-88) Revised (using HOLTEC input) -FNL.-2
; . T il

o _ _ o . . B
r DOSE - DATA ENTRY NOTREQD | T e e
I [ 100 _ Imeters | 8.00E-03) N - A
oss Calculations - Accldent Gond. @ 100 [maters -
detonse | | G X DCFIX (chc) X B-Rate X Duration X Una;?proved ICBP # 72 Dose Cc?nverslon Factors (For
Rate, O (conv. tact)® - -mremiaccident QI X DCFi X (chVa) X Duration x | |TElative comparison only) Breathing Rate for Adult and
(CVsac) (conv. tact) - - mram/accldent Child
Inhal. subm,
inhal. lung| aubm. wh. subm.
bone surt organ Radlo-nucikie Accldent
COE! opE| | PodY OOEL | o es | skin SDE
Chiid Adutt
B.06E+01] 3.16E+0 B.92E-02| 1.26E-01 Co 60 .24E-09] 1.50E+01 7.45E400]
4.18E-03 _4.18E.0 H3 .55E-09) 2.82E-02| ¥
)0l _0.00E +00] KR 85 STE-O' 0.00E+00]
1129 46E13) 1.97E-02
X Volatiles 0.00E+00] 0.00E+00|
8.41E-07f SA %0 4.97E+00)
_0.00E+00] _ 0.C AU106 T.24E-01]
03] CS134 6.52E-01
9.92€-07] €81a7 1.53E+00 3
: _0.00E+00] Fines 0.00E+00 X
Fines _ 0.00E+00] 0.00E+00] FE 85 0.00E +00] . 00E:
_732E-13] 6.8BE-06] _ 7.92E-08 CO 60 1.15E-03 6.75E
0.00E+00] N1 63 0.00E +¢ 0.00E.
2.43E-06]_ Y90 1.56E-
RH106 2.30E-
|} 0.00E +00) CD113M
0.00E+00]  0.00E: SNT19M X
_5.85E-04] _ 5B125 2.27E-03]
TE1254 5.38€-04
BA137M
6.14E-08| CE144 Y
_8.18E-06] _ PR144
G X
| SMI5' 0.00E+00] [
; _2.38| 1. N EU154 A7E-10
2.33E-05 2.39E-06]  9.99E-07] EUTSS 85E-12
2.00E-04] 6.6 3.84E+02 3.0 5.85E-00]  2.57E-0¢ PU238
_1.56E-08] 4.9 _4.16E-09 Np239 X 4|
1.54E-05] 5.51E+400 3.60E+01] 2. _ =l PU239 . 75€-13]
3.16€.05] 1.13E+01| 7.37E+01) 4.15E-09 PU240 -38E-12)
PU24 . 7.22E-05] 1.85E401] 2.44E+407] ___3.86E-09] _2.06E-08 PU241 . 30E- 1
AM241 | 241E12] | 7 o] - 2,37E-07} AM241  41E-12) ¥
| AM242'| 0.00E+00] | 0.00E+00) AM242 0.00E+00) 0. Y
AM242M| 0.00E400 0.00E+00) AM242M 0.00E+00 0.00E +00) 0.00E40
1 AM243 | B.a0E14] | “2.44E01| AM243 8.10E-14] 08E-03 B84E-03
CM242 | '6.68E-14] | 7.90E-03] ~ 1.59E.08] 2. _8.23E- CM242 6.68E-14] 4BE.04 GOE-04
CM243 | 527614 | 1.11E-01]  5.11E-08] 2.50E-02] 1.96E40 6.06E CTM243 5.27E-14) 10E-03)] 88E-03
CM244 | 102611 | 1.73E401] _2.60E-04] 4.97E+00| 3.02E+07] _6.89E-09] CM244 1.026-11 85E-01 90E-0
] Total (mremiysar} 2.36E+01 2.40E+01
| _TOTAL 9.13E+01] 4.45E 2.78E+02] 1.21E. 9.44E-02]  1.35E-01 . Child Adult
inhal. wh. | Inhal, inhal, subm,
body, thyrold ""::,::"’ bone sut] M SR | organ
CEDEI CDEI CDEI DDEor+
i R P R [Dons Extimate Totals - Accident Gond, @ 100
AR R R : N [ [Whoie Body Tolal
Effactive Doss | Thyrold Total |  Lung Total |Bone Surface Total
Equiv. ¥
)
TEDE = TODEghyrokd) =
SUM(DDEN)s  {SUM(DDEN+ | ODEMn9 = SUWTODERemesut) = fope , syy
SUM (CEDEI) = [SUM (CDE)) = |(DDED+SUM  |SUM(DDED « SUMiopp, | g7
(COEI) = G474447)(COEN = HA7+47
: 914E401 459E 278E+02] 1.21E+03 2.69E-01

_| " 30 days = 2.592E6 saconds

o \ i |
* To convert unlts from Sv/Bq to mrem/Cl, multiply table sntries by 3.7 E16

| ] I

aI-RmuRMl(C_TSoc)'ovolomoml

DCFi = Dose Conversion Factor (SvBq) for sloment
ChUQ = ssc/m*y

B-Rate = adult breathing rate m”Vsec

(Conversion Factor = 3.7E15 to convent Sv/Bq to mremiCi
30 days = 2. 602E6 seconds
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Conv Factors

HOLTEC High Storm Storage Caicuiations (MPC-68) Revised (using HOLTEC input) -FNL.-2
- - 7 - "

the dose canversion factors. No data entry required. l

This sheet
Dose Conversion Factors Submersion 2-7 yr. Old
Dose Conversion Factors - Inhalation Sw/Bq Sv-m*3/Bg-s child (from  |Adult (From
. Intake) ICRPintake} ICRP
#72 (Sv/Bg) |#72 (Sv/Bq)
Radioq whale L whole limiting .
nuclide]  body 1‘ thymmli lung bone surf) nody organ | skin Whole Body |Whole Body
Crud Co 60 5.91E-08' 1.62E-08.  3.45E-07 1.35E-08 1.26E-13 1.786-13 1.45E-13 1.70E-08 3.40E-09
Gases H3 1.73-11;  1.73E-11! 1.73E-11 1.73E-1% 3.31E-19 2.75E-18 [y 3.10E-11 1.80E-11
KR 85 0 [V 1.19E-16 _ 2.20E-16 1.32E-14
/1129 3.80E-16 3.86E-16° 1.10E-15 1.70E-07 A0E-07
3.51E-07 2.86E-06!  7.27E-07 7.53E-18.  2.28E-17 4.70E-08 .80E-08
RU106 1.29E-07| 1.37E-08'  1.04E-06]  4.00E-09] o 0 2.50E-08 7.00E-09
CS134 1.25E-08] 1.11E-08] 1.18E-08] 1.10E-08] 7.57E-14 1.20E-13 1.30E-08 1.90E-08|
794E-09]  7.74E-18 9.60E-09 1.30E-08
| X ; A7E-10 1.70E-09L 3.30E-10
5.91E-08; . 1.62E-08, 1.35E-08 1.78€-13 1.70E-08 3.40E-09|
8.39E-10| 8.22E-10 3.07E-09 8.22E-10 0. 4.60E-1 1.50E-10|
2.28E-09| 9.52E-12 9.31E-09 2.78E-10 1.80E-16:  4.44E-16 6.24E-14| 1.00E-D! 2.70E-09:
RH106 5.77E-11] 8.07E-12 2.49E-10; 1.34E-11 1.04E-14 1.16E-14. 1.09E-13 5.30E-1 1.60E-10
CD113M | 4.18E-07] 3.32E-08]  3.38E-08[ _ 3.32E-08| 6.94E-18 _ 2.10E-17]  848E-15 3.90E-0 2.30E-08
SN11gM 1.89E-09: 2.13E-10 1.15E-08 4.32E-09 1.01E-16:. 2.40E-18 3.42E-16! 1.30E-0! 3.40E-10
$8125 3.30E-09]  3.24E-10! 2.17E-08] 2.73e-09 2.02E-14 3.53E-14 2.65E-14 3.40E-0 1.10E-08
TE125M 1.97E-09, 9.93E-11] 1.04E-08° 3.21E-08 4.53E-16 1.22E-15 1.94E-15 3.30E-0 8.70E-10
BA137M 0! 0 0i - 0] 2.8BE-14  4.63E-14 3.73E-14; 0.00E+00 0
- CE144 1.01E-07] 1.B8E-09] 7.01E-07__ 4.54E-08 8.53E-16. 249E-15 2.93E-15 1.90E-08 5.20E-09
PR144 1.17E-11, 8.47E-15, 9.40E-11 1.35€-13 1.95E-15 2.99E-15] 8.43E-14 3.50E-10 5.00E-11
PM147 1.06E-08] 1.98E-14| 7.74E-08 1.02E-07| 6.93E-19 2.18E-18] 8.11E-16 9.60E-10 2.60E-10
SM151 8.10E-09. 1.32E-14'  3.26E-09 1.38E-07 3.61E-20.  7.09E-20 1.90E-19 2.70E-09 7.40E-10
EU154 7.73E-0B] 7.14E-09 7.92E-08 5,23€-07 6.14E-14 9.43E-14 8.29E-14 1.20E-08 2.00E-09
EU155 1.12E-08;, 2.40E-10 1.19E-08| 1.52E-07 2.49E-15 8.09E-15 3.39E-15 2.20E-08 3.20E-10
PU238 1.06E-04; 9.62E-10 3.20E-04: 1.90E-03 4.88E-18  9.30E-18. 4.09€-17 3.10E-07 2.30E-07
Np239 6.78E-10]  7.62E-12 2.39E-09 2.03€-09 7.69E-15.  8.73E-15! 1.60E-12 2.90E-09 8.00E-10
PU239 1.16E-04; 9.03E-10 3.23E-04 2.11E-03 4.24E-18 9.47E-18! 1.86E-17 3.30E-07 2.50E-07
PU240 1.16E-04] 9.05E-10 3.23E-04 2.11E-03] 4.75E-18 9.26E-18! 3.926-17 3.30E-07 2.50E-07
PU241 2.23E-06  1.24E-11 3.18E-06 4.20E-05 7.25E-20,  2.19E-19 1.17E-19; 5.50E-09 4.80E-09
AM241 1.20E-04| 1.60E-09 1.84E-05 2.17E-03 8.18€-16.  2.87E-15: 1.28E-15 2,70E-07 2.00E-07
AM242 1.58E-08. 2.52E-12° 5.20E-08 1.65E-07 6.16E-16'  1.88E-15 8.20E-15 1.10E-09 3.00E-10
AM242M 1.15E-04; 5.64E-10] 4.20E-06 2.12E-03 3.17E-17 7.94E17: 1.36E-16 2.30E-07 1.90E-07.
AM243 1.19E-04: B.28E-09, 1.78E-05 2.47E-03 2.78E-15 7.47E-15 2.75E-15 2.70E-07 2.00E-07
CMmz242 4.67E-06, 9.41E-10; 1.55E-05 4.87E-05 5.69€-18 1.06E-17 4.29€-17 3.90E-08 1.20E-08
CM243 8.30E-05' 3.83E-09 1.94E-05 1.47E-03 5.88E-15 1.50E-14 9.79E-15 2.20E-07 1.50E-07
CM244 6.70E-05. 1.01E-09. 1.93E-05 1.17E-03] 4.91E-18| B.82E-18 3.91E-17 1.90E-07 1.20E-07} -
; i .
: b :
* LUNG DCF USED FOR SR-90 IS FOR CLASS Y SOLUBILITY. CLASS D SOLUBILITY DCF IS 3.73E-9.
"USE OF CLASS D SOLUBILITY IS ACCEPTABLE WITH JUSTIFICATION FROM APPLICANT.
[5 Vear 019
Breathing Rate, adult |Breathing
{m3/s) Rate
3.30E-04 2.54E-04 (mA3/s) 1.02E-04
Breathing Rate,Worker '
2.54E-04 (m3/s) 3.30E-04
"~ Breathing Rates (per Table 3.1 FGR #13) ;
Alr (mA3/d} Tap water [Lid) Food energy (kcal/d] Cow's Milk (L/D}
Age (y) [ F 1] F [ F M F
0 2.9 2 0.191 .188 478 470 .339 0.35
1 5.2 5. 0.223 ,216 791 752 349 0.358
5 8.8 8. 0.542 .489 1566 431 .413 0.409
- 0 15.3 15.3 0.725 648 1919 684 .486 0.428
5 20.1 15.7 Q. 712 2425 828 .519 0.356
R 0 22.2 17.7 1.137 0.754 2952 927 .414 0.249
_ 50 22 7.7 1.643 119 2570 1758 192 0.139
75 22.2 17.7 1,564 A78 1990 1508 0.192 0.138
Lifetime
Average 19.2 165 1.29 0.93 2418 1695 0.282 0.207
"~ [Combine
d tifetime
average 17.8 12.8 111 111 2048 2048 0.243 0.243
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Off-normal Dose

THIS SHEET CALCULATES

HOLTEC High Storm Storage Calculati

The chi/Q valus for off-normal conditions a

. |
E - DATA ENTRY NOTREQ'D
| “meters

{(MPC-68) Revised (using HOLTEC Input) -FNL.-2

1.sbos4>4juou'£c N

100
Dose Calculafions - OFF-Normal Cond. @

1100 imoaters

L

i
{Factor of §0)
1

: | ! L
Unapproved TCRP ¥ 72 Dose Conversion Factors (For

Rolease CH X DCFI X (¢ - conv,
Rate, Qf X Moy mmamyear o X ¢ Gi X DCFI X {chUQ) X Duration X relative comparison only) Breathing rates for adult and
(Ci/sec) {conv. fact) - - mrem/year chitd
Radlo-|Off- inhal, wh. Inhal. swomwh | 2P gubm, akin Radiomuclidel Accident
nuclide|Normal | |body, CEDEI |thyroid COE] surf. CDE} | body DDEI D%Z:L SDEI o-nuclkle| Acclden
- - - Chitd
7.02E-10 2.56E-01 | 149E+00] 583E-04 165603  233E-08] 190E-0d Co 60 7.02E-19) 2.28E-02]
7.40E-10) 7.90E-0 700E-05  7.00E-05 457€-09  3.80E-08  0.00E+00) H3 7.40E-10) 4.37E-05)
. 0.00E+00) 0.00E+00 ~2/69E-05]  4.98E-08  2.99E-03 KR 85 1.21€-08 0.00E+00
1.90E-05] 5.58E-08 4.64E-10]  4.72E-100  1.34E-09 1129 6.55€-14) 2.12E-05]
). 0.00E+00 _ 0.00E+00] _0.00E+00]  0.00E+00| 0.00E+00) Volatiles 0.00E+00) 0.00E+00
8,60E-11 1.86E-01 01| "1.21E-08  3.66E-08]  1.48E-08 SR 90 B8.60E-11 7.71E-0
~lrutes| 23se-1 1.87€-02] §.81E-04  0.00E+00]  0.00E+00| ~ 0.00E+00) RU106 2.35E-11
3.94E-08 i 276E-04 575E-05  9.12E-05 7.18E-0 CS134 4.07E-11
6.90E-03 7.05€.0d 635604 1.87E-08)  5.53E-08  2.09E-0 CS137 1.30E10
0.00E+00f 0.00E+004 _0.00E+00] _ 0.00E+00] _0.00E+00} Fines 0.00E+00]
0.00E+00) 0,00E+00) 0.00E+00| ~ 0.00E+00| ~0.00E+0 FE 65 0.00E+00}
) 1. 2008 1.17€:04 1,30E-07]  1.83E-07] 1.49E-07 CO 60 5.52E-14)
0.00E+00 [ 0.00E+00{ 0.00E+00| __ 0.00E400) NI 63 0.00E+00)
1.29E-11 741E-04 2. 57€-08 __ 1,07E-07] Y 90 1.29E-11 2.46E-04)
| 3.53E-12 5.42E-08  2.92E07 7 64€-07] RH106 3 53E-12 3.57E-06,
0.00E+00|  0.00E+00f 0.00E+00{  0.00E+00) CD113M 0,00E +00 0.00E+00)
0.00E+00|  0.00E+00{ 0.00E+00] SN115M 0.00E+00 0.00E+00)
. 7.276-05  9.15E-06  2.05E-07] E-07] SB125 43E- 3.52E-06)
| TE125M B49E-06  262E-04 1.12E-09  3.01E-09 TE125M 32E- 8.33E-07
BA137M i 0.00E+00| _ 0.00E+00{ 9.85€-08 ~ 1.58E-05  1.28E-04 BA137M B3E- 0.00E+X
CEl44 ) 102602 585E-04f 332604 1.14E-07] CE144 00E- 7.56E-05)
PR144 1.51E-07] 121608 174604 7.50E-08 1 PR144 2.09E-12 1.39€-06
_ ! PM1ar 4.93E-04 360E-03  4.74E-04 9.74E-11 T 3.06E-10) PM147 7.54E-12] 1.38E-05)
77| sMmi51 0.00E+00| _ 0.00E+00{ 0.00E+00| 0.00E+00]  0.00E+00) SM15 0.00E +00] 0.00E+00)
EU154 ] 433604 4.44E-04)  293E-04 1.04E-08  1.60E-08 1.40E-08 EU154 9.08E-1 - 0BE-05,
EU155 | 2.98E-13 2.06E-05) 2.19E-08  279E-04 138E-081  4.50E-08  1.88E-09 EU 2.9BE1 -25E-06
PU238 | 6.36E-13 4.166-01| 1.25E+000 74564004  5.79E-11] ~1.10E-10]  4.85E-10) PU 36E1 76E
NP239 | 6.27E-15 2.62E-08) 9.256-08  7.85E-08 9.00E-100  1.02E-09  1.87E-07 Np .27E-1 4
PU239 | "5.23E-14] | a74E-02]  291E0 1.04E-01| _ 6.80E-01f 4.13E12]  9.23E-12  1.B1E-11 PU238 23E-14 29E-05
PU240 | 1.07E-13 7 65E-02] 213801 1.39E+008  947E-12  1.85E-11|  7.82E-13 PU240 07E-13 73E-05)
PU241 | 1.78E-11 2.45E-01 3.50E-01| ~4.62E+008 241E-311  7.286-11 3.89E-11 PU241 1.78E-11 B7E-04
| AM241 ] 1.87E13 1.38E-01 212E-02] 250E+00] 2.85E-00  100E-08 4.46E-09 AM241 1.87E-13 G1E-08)
| AM2427]" 0.00E+00! 0.00E+00{  O.00E+00 0.00E+00] = 0.00E+00| 0.00E+00) AM242 0.00E+00 0.00E+00
Am242M| 0.00E+00] 0.00E+00{ ~ 0.00E+00§ 0.00E+00{ __ 0.00E+00 = 0.00E+00) AM242M 0.00E+00 0.00E+00
AM243 | 6.27E-18) 4,60E-03 6.89E-04  840E-04 3256100  8.74E-10  3.22E-19 AM243 6.27E-15 3.23E-0¢
| cMe42|  5.18€-18] 1.49€-04 4956-040  156E-04 549E-1d  1.026-12] 4.14E-17 CM242 5.18E-15] 3.85E-0
71 CM243'| " 4.08E-15, 2,09E-03 480E.04 370E-04 44884100  1.14E-09 7.45E-10 CM243 4.08E-15] 1.71E-0¢
CM243'|" 7.90E-13) 3.26E-01 9.40E:02 570E+00] 7.23E-11]  1.30E110] 5.76E-1 CM244 7.90E-13] 3. 86E-04)
3.62E-02 3.70E-02
TOTAL 1719E+00]  8.35E-02]  5.23E+00] 220E+01| 1.75603|  2.49£-03] 5.03E-03 i Child Adult
Inhal. wh. Inhat. | inhal. lung [inhat. borie| submwh. | *“B™ 1 oubm. skin
body, CEDEl{thyrold CDEI|  CDEI | surl. CDEI | boaypDEI |  O792N SDEI
DDEor4
Dose Estimate Totals - Off-Normal Conditions & 100 meters
Whole Body Total
! Effective Doss | Thyroid Total Lung Total | Bone Surface Total $kin Total
Equiv. {mremiyear} I(mrem peryear)] (mrem peryear) }(mrem par year)
TEDE = SUM|TODE(thyrold) = |[TODE(iung) =
(DDE}) + SUM  |SUM (DDEl)+  |SUM (DDEi) + lﬁﬂﬁ(%"é.;“."é;u SDE = SUM
(CEDEI) = SUM (CDEI) = JSUM(CDEN = | oney "y ey [(SDED = Ke7
172 5.2 5.23) 3 29E401 5 03E-03
I i R ! ~ 282 20 2E03
. . - ; _ o R
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