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ABSTRACT

This Executive Summary presents the methodology for determining
containment requirements for spent-fuel transport casks under normal and
hypothetical accident conditions. Three sources of radioactive material
are considered: (1) the spent fuel itself, (2) radioactive material,
referred to as CRUD, attached to the outside surfaces of fuel rod cladding,
and (3) residual contamination adhering to interior surfaces of the cask
cavity. The methodologies for determining the concentrations of freely
suspended radioactive materials within a spent-fuel transport cask for
these sources are discussed in much greater detail in three companion
reports: "A Method for Determining the Spent-Fuel Contribution to
Transport Cask Containment Requirements," "Estimate of CRUD Contribution to
Shipping Cask Containment Requirements," and "A Methodology for Estimating
the Residual Contamination Contribution to the Source Term in a Spent-Fuel
Transport Cask." Examples of cask containment requirements that combine
the individually determined containment requirements for the three sources
are provided, and conclusions from the three companion reports to this
Executive Summary are presented.
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1.0 INTRODUCTION

A cask containment system can generally be designed from two
perspectives: the cask and its associated hardware are either assumed to
provide containment alone or the cask contents (in this case, the spent
fuel) is also considered part of the containment system. The approach in
which no containment benefits are taken based on the behavior of cask
contents is known as a leak-tight design basis. A source-term methodology
includes in the cask containment assessment the material, physical, or
chemical properties of the cask contents that tend to limit or inhibit
radionuclide release to that allowed under existing regulations.

The use of a source-term methodology in the analysis, design, and
operation of a spent-fuel cask containment system is expected to result in
safety benefits and cost savings: (1) occupational exposure can be reduced
if the time required to perform containment assessment before transport is
reduced, (2) fabrication expenses can be reduced, and (3) maintenance
expenses can be reduced and cask service life can be extended.

The radionuclides in a spent-fuel transport cask originate from three
distinct sources:

e the loaded spent fuel;

e activated corrosion and free fission products adhering to the
surface of spent-fuel rods (CRUD); and

e residual loose contamination from the above sources and spent fuel
pool operations that may build up in the cavity of a cask over
time.

The development of a source-term methodology must consider the individual
contributions of each of these sources.

Containment of cask contents by a transport cask is a function of the
cask body, one or more closure lids, and various bolting, hardware, and
seals associated with the cavity closure and other containment
penetrations. In addition, characteristics of cask contents that impede
the ability of radionuclides to move out of the cask to the external
environment also provide containment. In essence, multiple release
barriers exist in transport casks, and the amount of the releasable
activity available in the cask is considerably lower than the total
activity of its contents. A source-term approach evaluates and takes
credit for the reduced magnitude of the releasable activity available in
the cask by assessing the degree of barrier resistance to release provided
by material characteristics and inherent barriers that impede the release
of radioactive contents.

The containment requirements for radioactive material in transport
casks are defined by both U.S. Nuclear Regulatory Commission (NRC) and
International Atomic Energy Agency (IAEA) regulations [US90, IA90]. Both
NRC and IAEA regulations allow a source-term approach in containment




evaluations. The U.S. Code of Federal Regulations, Title 10, Part 71

(10 CFR 71) requires that irradiated nuclear reactor fuel be transported in
transport casks that are "designed, constructed, and prepared for shipment
so that...(under specified normal conditions of transport)...there would be
no loss or dispersal of radioactive contents, as demonstrated to a
sensitivity of 1076 A, per hour, no significant increase in external
radiation levels, and no substantial reduction in the effectiveness of the
packaging; and...(under specified hypothetical accident conditions)...there
would be no escape of krypton-85 exceeding 10,000 Curies in one week, no
escape of other radioactive material exceeding a total amount of A, in one
week, and no external radiation dose rate exceeding one rem per hour at one
meter from the external surface of the (transport cask)" [US90]. The
quantity A, is a limiting activity which, if released under specific
scenarios, would prevent radiological effects from exceeding a specified
level consistent with radiological protection standards of the
International Commission on Radiological Protection (ICRP). Values of A,
(e.g., A, = 7 Ci for 89%o; A, = 10 Ci for 137Cs) are tabulated in Appendix A
of 10 CFR 71; also see Safety Series 6 and Safety Series 7 by the IAEA
[IA90, I1A87].

Procedures generally acceptable to the NRC for assessing compliance
with these provisions have been identified in Regulatory Guide 7.4 [US75].
This guide endorses the containment and leak test procedures that are
specified in the American National Standards Institute (ANSI) standard ANSI
N14.5 [AN87].

If direct measurement of the activity release is impractical, ANSI
N14.5 states that volumetric leak rates at standard temperature and
pressure conditions (cm3/s) may be assessed instead. This leak-based
containment requirement is specified in terms of the concentration of
suspended radioactive material available for release from the cask (time-
integrated quantities are permitted):

Ly = Ry/C; (1)

where i = N for normal conditions or A for accident conditions, L; is the
maximum permissible leak rate (cm3/s), R; are the regulatory limits on the
rate of activity release (1076 A, per hr for i = N, and 1 A, in a week for

i = A), and C; represents the time-averaged volumetric concentration of
suspended particulate, liquid, or gaseous radioactive material (in Ci/cm?®
of the transport cask medium) that could escape from the containment system
during transport.

Although ANSI N14.5 is quite prescriptive, little guidance is given
regarding the determination of the activity concentrations Cy and C,. When
Cy and C, cannot be definitively established, the leak-tight design
criterion is required. The objective of this analysis is twofold: (1) to
develop methodologies for defining Cy and C,; and (2) to estimate
appropriate containment requirements (as demonstrated by corresponding
maximum permissible leak rates) for values of Cy and C, expected during
loading conditions associated with normal and accident transport
environments.




Figure 1 illustrates the effect of the activity available for release
from the cask on cask containment requirements in normal and accident
transport conditions. The diagonal lines represent technical limit lines
based on Ry and R, for various combinations of L; on the vertical axis and
C; on the horizontal axis. These lines are essentially constant release
lines corresponding to the lower limits of unacceptable release regions to
the right of each line. Limiting leak rates Ly and L, are plotted for Ry
and R, and for varying specific source concentrations in the cask cavity,
Cy and C,, in A,/cmd. The leak-tight criterion shown in the horizontal line
is bounding for concentrations exceeding Cy = 3 x 1073 A,/cm® and C, = 16.5
A,/cmd. For smaller concentrations, ANSI N14.5 permits average gas leak
rates below the sloping lines. The horizontal line represents the
criterion of leak-tightness, which applies at small leak rates and is
usually 1077 cm3/s.
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Figure 1. Limiting Average Leak Rates vs. Activity Concentration
[SA91b, SA92]




The three reports accompanying this Executive Summary present a
methodology for determining the concentration of freely suspended
radioactive materials within a spent-fuel cask under normal and
hypothetical accident transport conditions [SA92, SA9la, SA91b]. Using the
relationship in Equation (1), concentrations (C;) are converted to maximum
permissible leak rates (L;), i.e., those which provide the required degree
of containment. Values of L; are presented for both normal and accident
conditions. For normal conditions, cask orientation is restricted to
vertical and horizontal positions. It does not apply to the cask dropped
at an angle such that the slapdown event has a drop height greater than the
regulatory 0.3-m drop.

Each report treats one of three identified sources of radioactive
material:

s the spent fuel (SF) itself [SA92],

e radioactive material, called CRUD, attached to the outside of fuel
rod cladding [SA91a], and

¢ residual contamination (RC) adhering to interior surfaces of the
cask cavity [SA91b].

Since the concentrations of the individual sources are additive, the
maximum permissible leak rate for both normal and accident transport
conditions for the combined source is written:

Ry . (2)

Csr,i + Ccrup,i + Cre,i

Ltotal, i =

The individual concentrations, Cgp ;, Ccgyp,; and Cgc ;, determine individual
leak rates Lgp ;, Legyp,; and lgc i, when considered sole sources of activity.
Expressing the individual concentrations in terms of the individual leak
rates through Equation (1), Equation (2) can be rewritten in terms of the
individually determined maximum permissible leak rates:

Lioea s = Lep g X Lepipy X Lge s
°ka%1  Lemup,i Lme,i + Lsr,i Lee,i + Lsr,i Lerup,:

(3)

This method of combining individually determined containment requirements
should only be done after all terms are converted to the same temperature
and pressure conditions.

The following sections present the methodology for the three sources
of radiocactivity, in terms of both analysis methods and key empirical data.
The results of the example analyses are for demonstration purposes only;
some software must still be validated, and numerous data uncertainties
reduced. Cask designers could use the current results as a sensitivity
case to evaluate the future impact of this approach on their design
program.




2.0 THE SPENT-FUEL METHODOLOGY

Spent fuel contains the largest potential source of releasable
radioactivity [SA92]. The contribution of spent fuel to the overall
maximum permissible leakage rate largely depends upon its initial pre-
transport condition and on subsequent fuel rod response to transportation
conditions. The type and amount of radiocactive materials that may be
released from the fuel rod to the cask cavity are governed by fuel cladding
failure which is a function of cask and assembly designs, transport loading
conditions, the transport environment, fuel irradiation histories, and
other initial conditions. Since cladding failures are highly statistical
events, criteria for evaluating the spent fuel source term is
probabilistic, although it may depend upon deterministically derived
response characteristics. Therefore, the source term methodology combines
a detailed deterministic mechanical response of fuel rods and assemblies
with probabilistic failure evaluations and release estimates.

Four steps were used to apply the source-term methodology to spent
fuel for normal and hypothetical accident conditions of transport:

e Characterization of the dynamic environment experienced by the cask
and its contents.

¢ Deterministic modeling of the stresses induced in spent-fuel
cladding by the dynamic environment.

e Evaluation of these stresses against probabilistic failure criteria
for ductile tearing and/or material fracture at generated or pre-
existing cracks partially extending through the cladding wall's
thickness.

o Prediction of the activity concentration in a cask cavity using
knowledge of the cask void volume, the inventory of radionuclides

residing in fuel-clad gaps, and estimates of the fraction of gases,
volatile species, and fuel fines released.

2.1 Dynamic Cask Environments

The specific spent-fuel environments investigated and quantified were:

o The shock and vibration normally incident to over-the-road and
over-the-rail transportation.

e Cask acceleration response to the 0.3-m and 9.0-m free drop impacts
onto unyielding targets, and the 1.0-m drop puncture event.

e Cask and contents thermal response to 38°C ambient temperature,
full solar insolation and maximum decay heat, or -40°C ambient
temperature in still air and shade.

¢ Cask and contents thermal response to the hypothetical 30-minute
duration, 800°C fully engulfing fire.




Shock and Vibration

An extensive survey of relevant shock and vibration data is presented
in Appendix II of the spent-fuel report [SA92]. Simplified shock response
curves and equivalent half-sine pulses were developed from the data
surveyed; bounds on truck and rail vibration spectra were also developed.
Figure 2 demonstrates the bounding acceleration shock response spectrum
experienced by a spent-fuel cask for rail transport, assuming 3% damping,
for all three axes. Superimposed on the data is a shock response spectrum
for a bounding, equivalent half-sine pulse of amplitude 2.4 g and 83-ms
duration for normal conditions. Similar bounding pulses were developed
from the survey's data for truck shocks and rail-coupling events. The
bounding truck shock pulse has an amplitude of 2.7 g and a duration of
80 ms, while the bounding rail-coupling pulse has an amplitude of 33.2 g
and a duration of 30 ms for normal conditions.

The sensitivity of fuel assemblies subjected to the bounding shock and
vibration loading was evaluated for potential fuel rod failure from
fatigue. Analyses discussed in Appendix III of the spent-fuel report
[SA92] indicate that the magnitudes of the cyclic loads induce stresses

below the endurance limit of the Zircaloy cladding. Thus, existing part-
wall cracks will not propagate to failure under normal transport shock and

vibration loading. Shock produced by or from rail coupling events produce
the largest loads on the assembly and the highest probability of rod
failure from shock and vibration loading.
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Figure 2. Bounding Half-Sine Pulse Response Spectrum for Rail Shock
(excluding coupling) [SA92]
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Acceleration Response

A rigid-body kinematics model was used to characterize the response of
the cask and its impact limiters and transmit the resultant load history to
the assemblies. This method provided acceleration vs. time history
estimates for two translational and one rotational degree of freedom of the
impacting cask, which was modeled as a rigid body with attached impact
limiters (refer to Figure 3 for an illustration of the cask model during
impact). Kinematic calculations assumed a constant crush strength for the
impact limiter and were divided into an initial impact phase, a rotation
phase, and a slapdown phase.

Figure 4 is an example of an acceleration history developed by the
kinematic analysis. The figure shows the vertical acceleration of a
16.3- tonne lead-shielded truck cask during a half-second interval after
contact, for a drop of 9.0-m at a 30° tilt angle (4 = 30° in Figure 3) onto
an unyielding surface. The impact limiter had a constant crush strength of
6.89 MPa, a width of 1.22 m, and a 0.908-m radius, with a hole in the top
and bottom of 24.4-cm radius (to provide a balanced design that limits peak
accelerations in end drop orientations while not affecting other
orientations). Such profiles were input data to the fuel response model
and are cask design-dependent.

Unyielding Rigid Surface (x = 0)

-7 )9 2 4 X

\
2
\\
1
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N2 N4

Figure 3. Rigid Body Cask Impact Model [SA92]




A total of 150 example drop conditions were analyzed involving all-
steel and lead-shielded versions of both truck [assumed capacity,
1 pressurized water reactor (PWR) assembly] and rail casks (assumed
capacity, twenty-one PWR assemblies). The angular dependence of peak
accelerations for the same 16.3-tonne lead-shielded truck cask shown in
Figure 4 is demonstrated in Figure 5 for the 9.0-m drop condition. For
angles away from § = 0° (side drop) and ¢ = 90° (end drop), accelerations
generated during the slapdown phase greatly exceed those of the initial
impact phase. For the side and end drop cases there is a single impact
which results in generally higher peak accelerations being experienced.
For the example casks, with an impact limiter design that included an axial
hole, peak accelerations were enveloped by 100 g. Except for quantitative
particulars, the examples presented here are representative; an extensive
compilation of results appears in Appendix II of the spent-fuel report
[SA92]. The associated impact acceleration loading from the 0.3- and
9-meter normal and accident events are the critical loading events. The
probability of fuel rod breach under these events is several orders of
magnitude greater than all other loading conditions.

1.0-m Drop Puncture

A 15-cm diameter mild steel punch can only exert forces up to the
product of the punch cross section times the dynamic flow stress of the
punch material, for a maximum force of 6.2 x 108 N. The maximum
acceleration response to this force depends inversely on the cask mass.
For example, a loaded NLI 1/2 cask could experience a maximum acceleration
of 28.8 g; heavier casks would experience smaller accelerations. The
puncture drop would produce negligible loads on the spent fuel assemblies.

[ 9.0-m drop

Vertical Acceleration (g)
&

| I | l
0.0 0.1 0.2 0.3 0.4 0.5

Time (sec)

Figure 4. Vertical Acceleration vs. Time for a Lead-Shielded Truck
Cask at an Impact Angle of 30° [SA92]
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Figure 5. Peak Vertical Acceleration vs. Impact Angle for a Lead-
Shielded Truck Cask in a 9.0-m Drop [SA92]

Cask Thermal Analyses

Thermal analyses were performed on two representative casks: the
lead-shielded truck cask with one PWR spent-fuel assembly and the lead-
shielded rail cask with an assumed payload of 21 PWR spent-fuel assemblies.
Both cask concepts provide essentially the same thermal barrier as the
corresponding all-steel casks. The primary purposes of these analyses were
to quantify temperatures of spent fuel in the cask under both normal
transport conditions and hypothetical accident transport conditions, and to
contrast predicted temperatures with temperatures that are estimated to be
necessary to cause thermally-induced fuel failure mechanisms such as clad
rupture. The thermal analyses of the lead-shielded cask concepts were
performed using the two-dimensional finite element thermal analysis code
TOPAZ2D{SH86]. The thermal models are discussed in greater detail in
Appendix II of the spent-fuel report [SA92].

Since tests conducted at Idaho National Engineering Laboratory (INEL)
[EP86] on the Castor-V/21 PWR spent-fuel storage cask demonstrated that
during long-duration tests, temperatures in the loaded cask remained below
380°C for most combinations of orientation and backfill gas, this
temperature was chosen as the criterion for determining the acceptable heat
load per assembly. Figure 6 shows the predicted peak fuel rod temperatures
as a function of fuel assembly decay heat generation. As shown in these
curves, a single 3.0-kW PWR assembly for the truck case or twenty-one
1.0-kW assemblies for the rail case result in peak temperatures that remain
below the 380°C criterion.
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The minimum ambient temperature of -40°C is the controlling
temperature environment for the fuel since low temperatures reduce the
fracture toughness of the cladding. Impact events at low temperatures
increase the probability for fuel rod breach significantly. (See Section 6
of the spent fuel report [SA92] for details.)

Figure 7 presents the dynamic temperature profile near the cask
centerline and the inner surface of the exterior stainless steel shell of
the example truck cask under regulatory fire accident conditions. The
solid curve corresponds to a fuel assembly location, while the dashed curve
is at the outer radius of the lead shield. The peak temperature at the
fuel location is 402°C. This temperature is well below the temperature at
which thermal burst rupture of fuel rods is expected. Based on experiments
performed at Battelle Memorial Institute (BMI) and Oak Ridge National
Laboratory (ORNL), burst-rupture occurs at 725°C to 750°C. The mitigating
influence of radiation fins and thermal barriers was not considered.

402

377 |-

e

352 |-

-

327 |-

302 |- ‘(//,,Fhﬂ

Temperature (°C)

277

Truck

252 |- /

227 |

202 TR i 1 i PR 1 L n L | L . i
0 1 2 3 4
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Figure 6. Predicted Peak Fuel Temperatures vs. Assembly Decay Heat
Generation [SA92]
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2.2 Fuel Rod Response

The spent-fuel response model provides a basis for determining the
probability, type, and location of fuel rod failure during regulatory
normal and hypothetical accident transport conditions. The stresses
induced in spent-fuel cladding by these environments were computed with
deterministic geometric and material non-linear continuum finite element
modeling using the general purpose code ABAQUS [HI89] and the fuel response
code FREY [RA89]. Individual elements (480 or more are used to model a PWR
assembly) were characterized from detailed structural models of the fuel
rods, assemblies, and cask internal hardware. The analyses performed
considered the spent fuel's as-transported conditions and material
properties and include structural interaction between fuel baskets and
assemblies, and between assembly hardware and fuel rods. Since load
transfer paths from the cask to the fuel assemblies depend strongly on the
drop orientation, separate structural models were developed for corner
drops, end drops, and side drops. The corner drop model combines aspects
of the end and side drop models to characterize initial impact and slapdown
phases, respectively.
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In side drops, where the amount of out-of-plane rod-to-rod interaction
is negligible, an assembly is treated with a two-dimensional longitudinal
slice model consisting of a single row of rods. The spacer grid structure
is treated as a nonlinear spring element to account for flattening of the
spacer contact springs, buckling of spacer grid frame members, and rod-to-
rod contact and deflection. As rod loads increase, the cladding ovalizes
until it touches the fuel pellets. Further loading is transmitted through
pellet-clad contact. Rod-to-rod interactions are modeled by positioning
contact spring elements along the fuel rod's length between spacer grids.
The properties of these springs were developed from detailed analyses of
individual spacer grid frames. In the model, tie rods (for PWR and BWR
assemblies) and control rod guide tubes (for PWR assemblies) are
constrained by rigid attachments at the end plates. For BWR assemblies,
all other rods follow the motion of the end plates but slide through them
without friction. The basket structure itself is treated through very
stiff spring elements at either discrete contact points, or continuously
along the length of the basket/assembly interface.

For end drop conditions, individual fuel rods are conservatively
assumed to have the same response, which allows treatment of the assembly
through a single rod model. This treatment is conservative because, by

ignoring rod-to-rod interaction in this case, an individual rod’'s lateral
displacement is maximized. The load path is along the axial length of a

fuel rod. The fuel mass is assumed to provide no strength to the rod, but
a portion is fixed to the cladding, thus causing inertial loads. For
modeling of fuel rod buckling, an initial bowing profile is assumed for the
rods. For fuel baskets with an open design, lateral displacements are not
constrained; otherwise they are limited by the basket geometry. Basket
features which constrain lateral deformation play an important role in the
end drop assembly response.

Corner drops are divided into two separate events which affect
opposite ends of the assembly: initial impact and slapdown. Depending on
the impact angle, one of these events will dominate. Initial impact is
modeled with a single rod end drop model that includes lateral and
rotational loading caused by the impact angle. Assembly response during
slapdown is treated by a two-dimensional model which is a modification of
the side drop response model.

Example analyses were performed to demonstrate this methodology.
Figures 8 and 9 illustrate side and end drop analyses of a PWR assembly.
The deformed shape of the side drop analysis shows how the fuel rods deform
together after the spacer grids crush. The maximum bending response is
located in the bottom rods of the assembly over the basket support. The
deformed shape of the end drop analysis demonstrates the large deformations
of the fuel rods which are constrained by the other rods in the assembly
and the basket support. The maximum strain is located at the bottom of the
rod and is dominated by bending.

In addition to normal and hypothetical accident cask drop analyses,
thermally induced hoop stresses at pre-existing part-wall cracks were
evaluated for the fire accident. For the hypothetical fire, a thermal
transient at the cladding was assumed which began at the maximum transport
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temperature of 380°C and rose 150°C to a peak temperature of 530°C about

2 hrs after the 30-minute fire ended. The cladding response, evaluated
using a finite element module of the FREY response code, predicted stresses
well below those required for burst rupture. Propagation of those part-
wall cracks was evaluated probabilistically as described in the following

section.
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Figure 8. Deformed Shape and Selected Strain Time History for 9.0-m
Side Drop [SA92]

2.3 C(Cladding Failure Evaluation

Cladding failure prediction is probabilistic, consistent with the
observed random distribution of the failure-governing properties of spent-
fuel cladding. The two material properties specifically used in the
evaluation are material ductility (e;), related to ductile tearing from
excessive strain, and fracture toughness (K;c), used to determine the
extension of generated or pre-existing partial (partially through the wall)
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Figure 9. Deformed Shape and Selected Strain Time History for 9.0-m
End Drop ({SA92)

cracks. Three cladding failure modes which could occur are transverse
tearing, longitudinal tearing, and rod breakage. Transverse tearing
requires that longitudinal strain exceed the material ductility.
Longitudinal tearing, the opening of a part-wall longitudinal crack on the
inside of the cladding, requires a hoop stress intensity that exceeds the
fracture toughness. The driving force for the hoop stress intensity is a
pinch load arising from rod-to-rod interaction. Rod breakage is the
extension of an existing transverse tear, and requires a bending stress
intensity exceeding the fracture toughness of the intact material.

Thermal stresses resulting in an overpressurization of fuel cladding

may cause failure by producing a thinned wall blister which expands
plastically until the material’s ultimate strength is exceeded. For intact
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cladding, this has been observed experimentally [BU85] to occur at
experimental temperatures of 725°C to 750°C, which are higher than peak
values calculated for regulatory normal or accident conditions. A lower
temperature mechanism exists, however, in which existing part-wall cracks
extend to produce a longitudinal tear; the failure criterion in this case
is the same as for mechanically induced longitudinal tears. Melting,
eutectic formation and Zircaloy-water reactions all require higher
temperatures and improbable secondary conditions.

Example analyses of typical BWR and PWR assemblies were performed to
illustrate the fuel rod response and failure methodology. For the example
BWR and PWR analyses, the GE 7 x 7 and B&W 15 x 15 assemblies were chosen,
respectively. Each assembly was analyzed for impacts resulting from
regulatory side, end, and corner drop loading conditions. Failure
probabilities were computed for both normal and accident transport
conditions.

The failure probability assessment results for the example assemblies
are given in Table 1. This table includes probabilities for the three
failure modes, i.e, longitudinal tearing, transverse tearing, and rod
breakage. Details of these analyses are given in Appendix III of the spent
fuel report [SA92]. Maximum peak tensile strains, rod-to-rod pinch forces,
and conditional probabilities of failures for each failure mode were
calculated for each of three axial fuel zones (end plate, spacer grid
support, and midspan between spacer grids) for all applicable regulatory
normal and hypothetical accident transport conditions. These probabilities
were then combined to obtain the total failure probability per rod for each
of the three failure modes, from which the cask fuel rod failure frequency
was calculated by multiplying the highest probability of fuel rod failure
by the number of rods in the transport cask.

The highest failure probability for the example GE 7 x 7 BWR assembly
occurs during the initial impact phase of the 9.0-m oblique corner drop
event with a failure probability of approximately 8 x 10°% per rod per
event. The methodology predicts a cask fuel rod failure frequency of
approximately 0.02 for a rail cask containing fifty-two GE 7 x 7 BWR
assemblies (48 fuel-bearing rods per assembly; 2,496 fuel rods total). The
methodology conservatively assumes that all the rods in an assembly are
subjected to the peak stress states.

The highest failure probability for the example B&W 15 x 15 PWR
assembly occurs during both the slapdown phase of the 9.0-m oblique corner
drop event and the 9.0-m side drop event with a failure probability of
approximately 2 x 107% per rod per event. The methodology predicts a cask
fuel rod failure frequency of approximately 0.9 for a rail cask containing
twenty-one B&W 15 x 15 PWR assemblies (208 fuel-bearing rods per assembly;
4,368 fuel rods total).

For normal transport conditions, a 0.3-m side drop event results in a
failure probability of approximately 4 x 10-8 per BWR rod and 3 x 1077 per
PWR rod. This translates into cask fuel rod failure frequencies of 1 x
10-4 for transport casks containing fifty-two BWR assemblies and 1.3 x 10-3
for transport casks containing twenty-one PWR assemblies, respectively.
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Table 1

Summary of Example Assembly Failure Probabilities Under Normal and Hypothetical Accident Transport Conditions [SA92]

Spacer Grid Midspan Between Failure Probability
End Plate Support Spacer Grids Per Rod
Tensile Pinch No. Tensile Pinch No. Tensile Pinch No. Longitudinal Slit Transverse
Assembly Drop Strain Load Per Strain Load Per Strain Load Per PCI Pinhole Rod

Loading Condition Angle (z) (N) Rod (Z) (N) Rod (2) (N) Rod Part-Wall Crack Rupture Breakage

_GE7 x7BWR
9.0-m End Drop 90 0.342 0 1 0.166 4,45 2 0.248 0 2 2.E-10 1.E-09 2.E-13

9.0-m Corner Drop 84 2.59 0 1 0.542 703 2 0.419 841 2 8.E-10 8.E-06 2.E-06
(Initial Impact)

9.0-m Corner Drop 2 0.99 0 1 1.16 7940 3 0.91 0 3 1.E-06 3.E-07 2.E-07
(Slapdown)

9.0-m Side Drop 0 0.94 0 2 1.1 7562 S 0.84 0 6 2.E-06 5.E-07 7.E-07

0.3-m Normal Drop 0 0.63 4} 2 0.56 2900 5 0.54 0 [ 1.E-08 4.E-08 1.E-09

(Side Drop)

B&W 15 x 15 PWR

9.0-m End Drop 90 2.5 0 1 1.04 84.5 2 2.02 0 1 6.E-10 7.E-06 8.E-07
0.844 2345 1
9.0-m Corner Drop 84 2.6 0 1 0.971 72.9 2 2.08 o 1 2.E-08 9.E-06 1.E-06
(Initial Impact) 0.546 3006 1
9.0-m Corner Drop 2 3.47 0 1 1.37 9728 2 1.02 4] 3 2.E-05 2.E-04 2.E-05
(Slapdown)
9.0-m Side Drop 0 3.3 0 2 1.3 9265 6 0.97 0 5 2.E-05 2.E-04 5.E-05
1.2 2
0.3-m Normal Drop 0 1.00 0 2 0.66 3560 6 0.72 0 7 3.E-08 3.E-07 2.E-08
(Side Drop)
Fire n/a 0.8 0 a 0.8 0 a 0.8 0 a 1.E-11 0.0d 0.0d
Normal€® n/a 0.252 0 1 0.1 79.2 2 0.203 0 2 0.0b 2.E-07 2.E-12
Transport

3Fire analysis stress is based on part-wall crack in fuel with probability of 1 in 10,000.
Stress intensity factor is less than threshold value.

CNormal transport is due to shock and vibration loading.

dThese failure modes are not applicable to regulatory fire conditions.
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2.4 Activity Concentrations and Leak Rates

When a breach is produced in spent-fuel cladding, gases present in the
plenum at the top of individual rods, as well as in interconnecting spaces
between fuel pellets, and between pellets and cladding, escape through the
opening. Driven by the high-pressure differential that exists between the
rod’s interior and exterior, radioactive species that are mixed with the
gases or become entrained in their flow will escape until the differential
pressure is relaxed. There are three classes of nuclides involved: gases,
e.g. 8Kr, volatiles, e.g. 137Cs, and any fuel fines that move with the
flow.

The standard ANSI/ANS 5.4 [AN82] outlines procedures for estimating
spent-fuel gap fractions for gaseous and volatile fission product elements.
This standard is incorporated in the FREY computer program which was used
in the present analysis to determine the total fission gas buildup in fuel-
cladding gap regions. Although the standard is not in agreement with
direct measurements of cesium in the gap [LO80, LO81, J0O85, MA87], its
methodology was conservatively modified for these analyses by essentially
treating the volatile cesium isotopes as a gas and using the gap fraction
of 8Kr for the 134Cs and 137Cs isotopes. The gap fraction of tritium was
assumed to be 0.5. Radionuclide inventories in fuel fines were determined
by using the code ORIGEN2 [CR80, CR83], but enhanced cesium concentrations
were assumed in certain situations. Based on published data [L080, L081,
BU85], the escape of fuel fines from the cladding was taken as a direct
proportion (0.003%) of the total fuel mass, and credit was taken for
settling or plate-out of 90% of fines that reach the cask cavity.

Table 2 shows releases that might occur from hypothetical cladding
breaches in example PWR and BWR rods, expressed in both grams and curies.
These releases, if they occurred in a typical loaded truck cask, would
produce activity concentrations of 0.162 A,/m3® for the PWR scenario, and
0.397 A,/m3 for the BWR scenario. These concentrations would occur only if
the cladding failed. As shown in Table 1, the rod failure probability is
(under regulatory conditions) 1076 per event or smaller for a GE 7 x 7 BWR
assembly, and 10°% per event or smaller for a B&W 15 x 15 PWR assembly.

The total release probability for a shipment depends on the number of
transported rods.

The activity concentrations referred to can be converted to maximum
permissible leak rates by applying Equation (1). The result is the
containment requirement for a representative truck cask from spent fuel
alone, without consideration of CRUD or residual contamination which are
treated separately in the following sections. Four values result: two for
normal conditions and two for accident conditions. For our truck cask
example, the maximum permissible leak rate for PWR fuel under normal
transport conditions is 1.72 x 1078 cm3/s, assuming one rod fails; for BWR
fuel it is 7.00 x 107* cm3/s, also assuming cladding breach in one rod.
For regulatory accident conditions, the maximum permissible leak rate for
the PWR scenario is 10.2 cm3/s and for the BWR scenario it is 4.16 cm3/s.
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Table 2

Expected Radionuclide Releases From Example Light Water Reactor (LWR)
Fuel Rods Due to Cladding Failure at 530°C [SA92]

PWR Rod2 BWR RodP
Nuclide g Ci g Ci
3He 5.26E-05 5.10E-01 8.57E-05 8.31E-01
85K rd 3.91E-04 1.57E-01 9.54E-04 3,82E-01
908y 3.10E-05 4.65E-03 3.55E-05 5.33E-03
80y 1.86E-08 4 .66E-03 2.13E-08 5.33E-03
106Ru 2.90E-07 9.86E-04 4 .27E-07 1.45E-03
106Rh 2.77E-13 9.86E-04 4 .08E-13 1.45E-03
1258b 2.56E-07 2.64E-04 3.83E-07 3.96E-04
125mTe 3.58E-09 6.44E-05 5.36E-09 9.66E-05
134Cge 2.82E-06 3.39E-03 5.39E-06 6.46E-03
137Cge 1.15E-04 1.13E-02 2.35E-04 2.31E-02
137mB g 1.22E-11 6.56E-03 1.86E-11 9.98E-03
lé4Ce 1.80E-07 5.76E-04 1.67E-07 5.33E-04
lié4py 7.63E-12 5.76E-04 7.05E-12 5.33E-04
144mPy 3.81E-14 6.91E-06 3.53E-14 6.40E-06
154Eu 3.94E-06 5.91E-04 7.42E-06 1.11E-03
155Eu 1.90E-07 2.66E-04 3.60E-07 5.04E-04
235y 4.16E-04 8.73E-10 1.68E-04 3.53E-10
238y 6.38E-02 2.10E-08 1.11E-01 3.65E-08
238py 1.49E-05 2.54E-04 2.67E-05 4 . 55E-04
239py 3.41E-04 2.11E-05 5.84E-04 3.62E-05
240py 1.69E-04 3.88E-05 3.05E-04 7 .00E-05
241py 6.80E-05 7.48E-03 1.32E-04 1.46E-02
241Am 2.54E-05 8 .14E-05 5.43E-05 1.74E-04
244Cm 2.53E-06 2.08E-04 1.26E-05 1.04E-03
Balance 1.66E-03 2.09E-03 4.24E-03 2.54E-03
Totals: 6.71E-02 7.12E-01 1.18E-01 1.29E+00

a0conee-1 Rod 08639 irradiated to 38.2 MWD/kg U after 5-yr decay [BA83].

bQuad Cities-1 Rod B5A-0139 irradiated to 33.7 MWD/kg U after 5-yr decay.

cGap and fuel fines, but fines are assumed to contain only 10% of original
inventory.

dGap and Fuel Fines.

eGap and Fuel Fines. Purge (burst) release calculated (see Appendix IV of
the spent fuel report [SA92]).
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3.0 CRUD CONCENTRATION METHODOLOGY

The methodology for modeling the CRUD activity concentration differs
from that for spent fuel. For spent fuel, due to limitations in the kind
and quality of available data, detailed modeling of the cladding as a
release barrier was utilized with minimal consideration given to the
aerosols produced. However, for CRUD, a detailed aerosol mechanical
treatment is applied to suspended CRUD particles, while there is no
detailed modeling of the release barrier presented by adhesion forces.

There are two types of CRUD: a fluffy, easily removed CRUD composed
mostly of hematite that is usually found on BWR rods, and a tenacious type
composed of nickel-substituted spinel occurring on PWR rods. In a few BWR
reactors, copper is an important constituent. Along individual rod
cladding, the average to peak observed density of CRUD radioactivity is
approximately two, independent of the radionuclide. The specific nuclides
which are primary contributors to the CRUD total activity depend on the
time since discharge from a reactor. For shipments of 5 yr or older fuel,
80Co accounts for over 92% of the activity in PWR fuel and 98% of the
activity in BWR fuel.

3.1 CRUD Spallation

The concentration of CRUD suspended in the cavity of a loaded spent-
fuel cask depends on the amount of CRUD initially adhering to the
transported assemblies, on the fraction spalled in normal and accident
transport conditions, and on depletion and resuspension mechanisms acting
on the suspended particles. The amount of CRUD present on spent-fuel rods
has been characterized in prior work, and was updated in this effort to
produce the distributions shown in Figures 10 and 11. The figures are bar
graphs of the percentage of rods having different maximum activity
densities, with the data referred to the fuel’s original time of discharge.
In both cases the distribution is bimodal, that is, two maxima are
indicated. These reflect technological improvements in controlling reactor
water chemistry for the nuclear industry. Most recently discharged fuel
has no discernible or only slight CRUD deposits.

Quantitative details of the bonding between the CRUD and the fuel
assembly surface are not known and were not discussed in this analysis.
These bonds arise from Van der Walls forces between small diameter CRUD
particles and atoms in the cladding surface, supplemented by stronger
hydrogen bonds when water molecules are present. Surface roughness is an
important factor in the overall adhesion. The CRUD report [SA91a]
addresses two amounts of spallation, i.e. 15% and 100%.

3.2 Aerosol Mechanics

CRUD aerosols have a time-dependent concentration after a spallation
inducing event. Contrary to the spent-fuel case, where limited data on
fuel particle sizes are available, an expected particle size distribution
for CRUD was developed based on one sample of fuel that is believed to be
representative of BWR fuel. The distribution developed (shown in Figure 12
as the cumulative percent of particles having diameters below specific
sizes) has a precise log-normal shape with mean number diameter equal to
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Maximum Observed "Spot” Activity {SA9la]
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3 pm and standard deviation of 1.87 um. The data points are values
observed in two scanning electron microscope images of Quad Cities BWR fuel
cladding. The resulting curve is generally supported by measurements on
CRUD scrapings taken at five other reactors.

Since a detailed distribution is available, it is possible to take
credit for the behavior of aerosols inside the cask cavity. In the absence
of resuspension (this assumes adhesion forces are strong and act immedi-
ately on contact with collecting surfaces), the rate of decrease in aerosol
concentration is proportional to the concentration itself. The proportion-
ality constant is the sum of three factors which individually represent the
rate constants for three loss processes: (1) gravitational settling,

(2) diffusive plate-out, and (3) escape from the cask by leakage.
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Figure 12. Particle Size Distribution by Number for CRUD From Quad
Cities BWR Cladding [SA9la]
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The rate constants are the reciprocals of the time it takes for the
concentration to decrease by a factor of 2.718, the natural logarithm base,
by one of the loss mechanisms.

The rate constant for gravitational settling is proportional to the
available settling area, inversely proportional to the cask void space, and
directly proportional to the settling speed. This settling speed is found
from the Stokes solution for the drag on a sphere in creeping flow. The
rate constant for diffusive plate-out is proportional to the total area of
collecting surfaces and to the particle diffusivity, and inversely
proportional to the void volume and the height of the mass transfer
boundary layer at the collecting surface. The rate constant for leakage
from the cask is simply the leak rate divided by the cask void volume.

The total rate constant formed by summing these three contributions
shows a strong dependence on particle size, directly and indirectly through
the particle volume, the particle mean free path, and the Knudson number.
This implies that the number and mass particle size distributions are time-
dependent, so that determination of the average concentration during an
hour after spallation in normal transport or a week after an accident has
to consider how these distributions change over time.

3.3 CRUD Activity Concentrations and Leak Rates

The average CRUD concentrations in a cask cavity can be expressed as
the concentration immediately after spallation and initial mixing,
multiplied by a Release Reduction Factor that incorporates all geometrical
information on the cask volume, settling and collection areas, and the
aerosols’ time-varying size distribution. Table 3 presents those factors
for cask and fuel geometries represented by six current generation casks,
fully loaded with fuel, with CRUD characterized by the Quad Cities size
distribution. Values in the table range from 7.9 x 10™% to 2.3 x 1073; with
smaller values resulting from relative increases in cask void space,
interior settling, and plate-out areas. A range of maximum permissible
leak rates is obtained when the reduction factors are applied to the cavity
concentration in a truck cask, for the distributed CRUD activity shown in
Figures 10 and 11. The distributions that result in the normal transport
case are shown in Figure 13, for a representative truck cask with volume,
settling, and plate-out areas characteristic of a loaded NLI 1/2.

As indicated in the graph, the entire population of both PWR and BWR
assemblies is encompassed by a containment requirement of about 1073 cm?/s
when all the CRUD is assumed to spall. When spallation is reduced to 15%,
the permissible leak rates rise proportionately (see Figure 14).

Appendix III of the CRUD report [SA9la] has an extensive tabulation of
maximum permissible leak rates for existing truck and rail casks carrying
fuel with a variety of CRUD burdens.
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Table 3

Release Reduction Factors for Normal Transport
for the Quad Cities Particle Size Distribution [SA91a]

Cask Type PWR Fuel BWR Fuel
NLI 1/2 7.9 x 104 9.6 x 104
TN-8 8.3 x 1074 ---
TN-9 ---- 1.1 x 103
NAC-1/NSF4 1.3 x 103 2.0 x 1073
IF-300 1.8 x 10-3 2.2 x 1073
NLI 10/24 1.8 x 1073 2.3 x 1073
NLI-1/2 Normal Spall Fraction = 1.00
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Figure 13. Distribution of Containment Requirements for a

Representative Truck Cask, 100% CRUD Spallation [SA9la]
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4.0 RESIDUAL CONTAMINATION METHODOLOGY

After casks have been used to transport spent fuel, their interior
surfaces accumulate a residual contamination from CRUD spalled off the
transported assemblies, or from immersion in storage pool water during
loading and unloading of the assemblies. The residual contamination report
[SA91b] (like the CRUD report) discusses the mechanisms leading to
spallation but does not quantify the adhesion forces themselves, and
presents previously unpublished data that clarify the amounts of residual
contamination present.

Along with qualitative information derived from an extensive liter-
ature search, interior dose rate information from empty casks is given.
These data were provided by Battelle Memorial Institute and the McGuire
Nuclear Station of Duke Power Company. The total amount of activity on the
casks’ interior surfaces was derived from these data, which consist of dose
rates measured at intervals along the center line of NLI 1/2- and NAC-type
casks, and contact measurements near the corners of cavities in the TN-8L
cask. Details of the method revealing the quantity of contamination are
presented in Appendix I of the residual contamination report [SA91b], and
the dose rate data provided by Battelle and Duke Power Company are
presented in Appendix IT1.

Tables 4 and 5 present the estimated amounts of activity in curies for
individual casks, identified by serial number and the measurement date.
The amount of accumulated activity varies, even on the same cask from
shipment to shipment, with the results ranging from about 5 x 10-% to
approximately 1 Ci of material typical of CRUD.

The example cases assume fixed spallation fractions of 15% and 100%,
but treat the aerosol depletion mechanisms in detail. The same particle
size distribution used for CRUD was used for residual contamination, and
identical Release Reduction Factors result when the cask and fuel loading
are the same.

The 1 Ci measurement is a representative but conservative amount of
residual contamination, with 100% spallation in a typical truck cask loaded
with PWR fuel, during normal transport. From Table 3, applying the Release
Reduction Factor of 7.9 x 107% for a NLI 1/2 cask loaded with PWR fuel
(cask void volume of 0.155 m3) results in an average concentration of 5.1 x
109 Ci/cm3. When expressed in terms of the maximum permissible leak rate,
by application of Equation (1), the result is 0.38 cm3/s. For BWR fuel,
the result is 0.26 cm®/s. An extensive set of results from example
calculations, all for normal transport conditions, is presented in Table 4
of the residual contamination report [SA91b]. Maximum permissible leak
rates for the less restrictive accident conditions were also calculated.
The resulting permissible leak rates for accident transport conditions
consistently exceed 10 cm¥/s, which implies that leaks larger than those
encompassed in our modeling assumptions would still be small enough to
release less than the value of A, of contamination in a week.
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Table 4

Calculated Residual Contamination Activity
Levels for NLI- and NAC-Type Casks [SA91b]

Cask
Cask Name Date Activity (Ci)
NLI 1/2 SR# 5382 09/25/82 1.64E-01
NLI 1/2 SR# 5382 10/05/82 1.74E-02
NLI 1/2 SR# 5382-585 04/25/86 7.06E-02
NLI 1/2 SR# 5382-585 06/09/86 7.11E-02
NLI 1/2 SR# 5461 12/20/82 1.08E-02
NLI 1/2 SR# 5461 03/27/83 5.91E-04
NLI 1/2 SR# 5461 07,/03/85 5.58E-01
NLI 1/2 SR# 5461 11/01/85 1.76E-02
NLI 1/2 SR# 5461 04/29/86 2.74E-02
NLI 1/2 SR# 5462-4 11/17/85 7.31E-03
NLI 1/2 SR# 5462-4 04/24/86 4.91E-02
NLI 1/2 SR# 5462-5 04/26/86 2.04E-02
NAC 1D 07,02/81 4.28E-01
Table 5

Calculated Residual Contamination Activity Levels
for the TN-8L Cask [SA91b]

Cask Element 1 Element 2 Element 3 Total

Name Activity (Ci) Activity (Ci) Activity (Ci) (Ci)
TN-8L (09/11/86) 3.47E-02 4. 84E-02 5.16E-02 1.35E-01
TN-8L (10/28/86) 1.71E-01 1.57E-01 1.54E-01 4.83E-01
TN-8L (02/08/87) 3.28E-01 1.59E-01 3.17E-01 8.04E-01
TN-8L (03/19/87) 1.47E-01 3.62E-01 6.02E-01 1.11E+00
TN-8L (07/27/87) 2.00E-01 1.51E-01 1.22E-01 4 .73E-01
TN-8L (02/24/88) 4.62E-03 1.79E-02 5.20E-03 2.77E-02
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5.0 EXAMPLE CASK CONTAINMENT REQUIREMENTS

Since the calculations for the individual sources show the containment
requirements to be higher for normal transport, only that case is addressed
in this section. Containment requirements for the individual sources can
be combined using Equation (3) to give an overall maximum permissible leak
rate. For the case of truck transport of PWR fuel in normal conditions,
the three individual leak rates in the examples were 1.72 x 1073 cm3/s due
to the spent-fuel contribution, 1 x 10-3 cm3/s due to the CRUD
contribution, and 0.38 cm3/s due to the residual contamination
contribution. For the case of truck transport of BWR fuel in normal
conditions, the three individual leak rates in the examples were 7.00 x
1074 cm3/s due to the spent-fuel contribution, 1 x 10-3/s due to the CRUD
contribution, and 0.26 cm®/s due to the residual contamination
contribution. These represent intact fuel with an extreme CRUD burden,
shipped in a cask with the largest amount of residual contamination yet
observed.

The maximum permissible leak rate determined for spent fuel was based
on a hypothesized failure of one rod; this was shown to be an improbable
event for individual rods and to increase directly in proportion to the
number of rods shipped. Thus, two variations are considered in calculating
the combined containment requirement for this example: (1) no failure of
spent-fuel cladding, and (2) failure of a single rod. In both cases, 100%
of the CRUD and residual contamination is assumed to spall. Table 6 shows
a summary of the example results.

If PWR fuel cladding remains intact in the normal transport case, the
containment requirement for our example is 1 x 102 cmi/s. If the cladding
for one rod fails, the value is 6.3 x 1074 cm3/s. Similarly, for the BWR
case, if the fuel cladding remains intact, then the maximum permissible
leak rate is again 1 x 1073 em3/s, but if it fails for one rod, the value
becomes 4.2 x 1074 cm3/s.

Table 6

Example Combined Transport Containment Requirements
During Normal Transport for a Representative Truck Cask
With High Burdens of CRUD and Residual Contamination

Without With Cladding Breach
Fuel Type Rod Failure in One Rod
PWR 1 x 1073 cm3/s 6.3 x 1074 cmd/s
BWR 1 x 1073 cmd/s 4.2 x 1074 cm¥/s
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6.0 CONCLUSIONS

A number of conclusions can be drawn, based on the development of the
source-term methodology and its application to a wide variety of examples.
The full methodology is demonstrated in the three companion reports to this
Executive Summary. The conclusions from those reports are repeated here.

6.1 Conclusions From the Spent-Fuel Report

1.

The phenomena involved in determining the fuel-related source
term in spent-fuel transport casks can be modeled fairly
accurately on the basis of existing analytical capabilities,
material properties data, and operational history information.
However, some important data are sparse or lacking. Therefore,
major compensating assumptions were made that affected the
results in crucial ways. These assumptions were associated with
numerous sensitive parameters and data uncertainties.

For the example cases, the failure frequency was less than one
rod per rail cask accident event. An assumption of massive fuel
rod failure for the containment design of spent-fuel transport
casks 1s unrealistically very conservative.

Pellet-cladding interaction (PCI) incipient breaches (partial
cracks) emerged as the most prominent initial fuel condition that
affects the in-transport failure probability for both BWR and PWR
fuels.

PWR spent fuel was more vulnerable to failure during transport
than BWR fuel under the conditions of these analyses. The
smaller PWR fuel rod diameters were mostly responsible for this
condition. Rod failure as a result of initial PCI crack growth
was found to be more probable for PWR fuel than BWR fuel.

Fuel fines, rather than the gaseous or volatile species,
dominated the potentially releasable source term. However, the
methodology for estimating the radionuclides contained in the
fuel fines that could be purged with the gases during a cladding
breach was based on a very limited amount of data. These data
indicate that 0.003% of the fuel contained in an intact fuel rod
is released as fuel fines following a rupture.

The effect of a regulatory fire following the impact test
sequence will be investigated in future sensitivity analyses.

Oxidation and leaching radionuclide release mechanisms were not
plausible events during regulatory accident conditions.

The fuel rod response, and consequently the failure probability,
was affected by two types of uncertainties. The first was
related to input parameters and can be addressed through
sensitivity analyses and data development. The second, however,
was related to the analytical models and was not easily
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evaluated. For example, a lumped parameter (spring and mass)
model, which is the predominant working model for current
licensing submittals, involves much greater uncertainty than a
continuum finite-element-based model such as used here.

9. Obvious gaps existed in data bases required to support this
methodology at both input level and verification level. These
gaps could not be totally closed through sensitivity analyses.
Further experiments are required to obtain necessary data and to
verify the method and results.

10. The design of cask impact limiters, fuel spacer grids, and cask
basket structure significantly affected spent-fuel mechanical
Yesponse.

11. For a given impulse momentum, the shape of the cask deceleration

versus time history can be more important to fuel response than

the amplitude of the deceleration (i.e., g-loading). This is a

result of a superimposed secondary impact due to internal gaps

and dynamic amplification that depend on the assembly’s natural
frequencies relative to the frequency of the forcing function.

Therefore, the stiffness and crush strength of impact limiters

that govern the shape of the deceleration-time curve could have
significantly affected assembly response.

12. The higher the temperature while in transit, the lower the
failure probability, provided that the burst temperature of the
fuel was not exceeded. This is a result of the beneficial
effects of higher temperature on cladding fracture toughness.

6.2 Conclusions From the CRUD Report

A preliminary methodology has been developed for determining the
source-term activity associated with CRUD on spent-fuel assemblies. The
methodology accounts for particle characteristics (such as particle size
distribution) of the activity concentration inside the cask cavity, and for
particle deposition due to diffusion and gravitational settling onto
surfaces inside the cask cavity. Determination of the activity release to
the cask cavity takes into account both normal and accident transport
conditions. The effects of particle plugging of the hypothetical leak path
are also addressed.

The methodology was used to estimate the CRUD-related containment
requirements for typical cask geometries, assuming CRUD deposits as the
only source of radioactive release from a spent-fuel shipping cask. The
most current published data on CRUD composition and structure, specific
activity, spallation mechanisms and fractions, and CRUD particle size were
used in the calculations. For parameters where no useful quantitative data
could be found, such as CRUD spallation fractions vs. impact and shock
loadings characteristic of transport conditions, conservative upper-bound
values were used. Example containment requirements as defined by maximum
permissible leak rates were calculated assuming 5-yr-cooled spent fuel.
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The results of the calculations can be summarized as follows:

1. For normal transport conditions, the maximum permissible leak
rates for 5-yr-old BWR fuel shipments ranged from 1.8 x 1073 cm3/s
for the TN-9 truck cask to 1.7 x 1073 em3/s for the NLI-10/24 rail
cask.

2. Similarly, for shipments of 5-yr-old PWR fuel subjected to normal
transport conditions, the maximum permissible leak rates ranged
from 1.4 x 10-2 cm® for the NLI-10/24 truck cask to 9.7 x
1073 cm3/s for the NLI-1/2 rail cask.

3. For the prescribed regulatory accident conditions [US90], the
maximum permissible leak rates for six cask designs, regardless of
orientation and for both PWR and BWR fuel, are in excess of the
10 std cmd3/s defined by ANSI N14.5 as the limiting value above
which all Type B packages are exempt from design, fabrication, and
assembly leak verification.

4., The maximum permissible leak rates for BWR fuel are 10 to 20 times
smaller than those for PWR fuel, depending on cask type.

5. For all six casks considered for this analysis, permissible leak
rates associated with normal transport conditions are the most
limiting, i.e., permissible leak rates for normal transport
conditions are smaller (by several orders of magnitude) than those
for accident conditions.

6. The calculated maximum permissible leak rates are most sensitive
to the CRUD particle size distribution of all the input parameters
considered in this analysis. The effect upon maximum permissible
leak rates could be a factor of 100 to 1000, depending on cask
design, type of fuel, and particle size.

7. The maximum permissible leak rate values presented above are
believed to be conservative upper bound estimates for CRUD
releases for the following reasons.

e The CRUD activity inventory used for this analysis conserva-
tively assumed that the measured maximum CRUD "spot" activity
is distributed uniformly over the entire surface area of the
fuel assembly, even though data on axial CRUD and activity as a
function of fuel rod location indicated that the average CRUD
activity is significantly less than the values used in this
analysis.

e A spallation fraction of 1.0 was assumed for normal transport
conditions (shock, vibration, and thermal), even though
published thermal data on CRUD spallation indicated that
spallation fractions of 0.15 are probably a more realistic
upper bound for the normal transport conditions prescribed in
10 CFR 71.
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e The assumption that CRUD spallation caused by impact, shock, or
vibration occurs instantaneously, rather than at a constant
rate over the release period, provides a conservative estimate
of the release.

e Estimates of the effects of particle plugging of the leak path
indicate that the leak path is likely to plug before the
regulatory release limit of 1078 A, of Co-60 (i.e., 7 uCi in
1 hr) is achieved.

8. These results are limited because of the scarcity of supporting
experimental data in the following areas:

e Spallation fractions for dropped or shaken spent-fuel rods.

e Particle size distributions of spalled CRUD deposits on PWR and
BWR fuel.

6.3 Conclusions From the Residual Contamination Report

A methodology has been developed for determining the activity source-
term concentrations Cy and C4, in a spent-fuel transport cask assoclated
with possible residual contamination on cask-cavity surfaces. This
methodology accounts for particle characteristics (such as particle size
distribution) of the activity concentration inside the cask cavity and for
particle deposition due to diffusion and gravitational settling onto
surfaces inside the cask cavity. (Particles in the expected size range,

1 to 10 um, adhere strongly to surfaces to which they become attached, so
resuspension is not considered.) The determination of the activity release
to the cask cavity accounts for transport under both normal and accident
conditions. The data used for determining potential levels of residual
contaminant activity are based on actual cask shipments.

The results of the calculations can be summarized as follows:

1. For the prescribed regulatory accident conditions [US90], the
maximum permissible leak rates associated with residual
contaminants are likely to be well in excess of 10 std cm3/s.

2. Measurement uncertainties present in the data that have been used
limit the precision of the results to at least a factor of 3.

3. Assumptions used in our calculations that may tend to
underestimate the amount of residual contamination activity
available for release include the following:

e Negligible resuspension. The initiating events in normal
transport occur less frequently than once per hour, and the
adhesion of settling particles is not affected by surface
vibration.

¢ Particle size distribution. Cask containment requirements,
defined in terms of maximum permissible leak rates, are greatly
affected by the particle size distribution of released
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material. The effect on maximum permissible leak rates could
be a factor of 100 to 1000, depending on cask design and
particle size.

Conservative assumptions that tend to overestimate the amount of
residual contamination activity available for release include the
following:

A spallation fraction of 1.0 was used for both normal and
accident conditions of transport (shock, vibration, impact, and
thermal).

The assumption that contaminant spallation caused by impact,
shock, or vibration occurs instantaneously (rather than at a
constant rate over the release period) tends to overestimate
the release.

The influence of radiation scattering on the dose rate data has
not been addressed in calculating the residual contaminant
burden.

While all activity was attributed to 50Co, the data show 20 to
30 percent or more of the activity may come from other
isotopes, some of which have less energetic emissions and,
therefore, smaller mR/Ci conversion values.
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